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oABSTRACT
Although the bond of a strand in a cementitious matrix is certainly predominated by the bond
properties between filaments and matrix, more detailed information is needed to evaluate the
failure mechanisms of such a complex system under a pull-out load and hence to allow an
analytical and numerical simulation of this composite. Thus, in this study different innovative
test methods are developed and used to identify the failure process of a strand as a result of
the pull-out process and ascertain the contact faces between the individual filaments and the
matrix. Additionally, based on these findings, numerical procedures are proposed to allow, for
the first time, to establish a direct relationship between the load history of a pull-out test, to
the failure process of an AR-glass strand, by means of a mathematical function; the so-called
active filament versus displacement relation NF(Ω). Together with the load versus
displacement relationship P(Ω) also derived during the pull-out test, an analytical
characterization and simulation of the bond between an AR-glass strand and a cement based
matrix will be possible.
ZUSAMMENFASSUNG
Obwohl das Verbundverhalten eines Multi-Filament-Garn/Feinbeton-Systems sicherlich
maßgeblich durch den Verbund zwischen Filament und Matrix beeinflusst wird, müssen
wesentlich detailliertere Erkenntnisse vorliegen, um den Versagensprozess dieses komplexen
Systems infolge einer Pull-Out-Belastung zu beschreiben und somit eine analytische und
numerische Modellierung des Verbundwerkstoffes zu erlauben. Aus diesem Grund wurden
innerhalb dieser Arbeit innovative Untersuchungsmethoden entwickelt und angewendet, die
es nun ermöglichen, diesen Versagensprozess eines Multi-Filament-Garn/Feinbeton-Systems
infolge einer einwirkenden Pull-Out-Belastung zu identifizieren und die Grenzflächen
zwischen den individuellen Filamenten und der umgebenden Matrix zu bestimmen. Zusätzlich
wurden numerische Auswerteroutinen entwickelt, die es zum ersten Mal ermöglichen, den
Versagensprozess eines Multi-Filament-Garn/Feinbeton-Systems mit Hilfe der so genannten
„Aktiven Filamente/Ausziehweg-Funktion“ NF(Ω) mathematisch abzubilden und somit eine
Verbindung zwischen der Belastungsgeschichte des Verbundwerkstoffes und dem Versagen
der individuellen Filamente aufzustellen. Zusammen mit der ebenfalls im Pull-Out-Versuch
ermittelten Kraft/Ausziehweg-Beziehung P(Ω) wird damit erstmals eine analytische
Beschreibung und Simulation des Verbundes zwischen Multi-Filament-Garn und
zementgebundener Matrix ermöglicht.
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1CHAPTER 1
INTRODUCTION
Composite materials currently have a wide range of technical applications, for instance in the
automotive industry, aerospace industry, or in human medicine. One of the most successful
examples of composite usage in civil engineering is in steel reinforced concrete. A more
recent development, textile reinforced concrete [Heg01, Heg02a], is an exciting new approach
towards the use of composites in buildings and other structures and may become a possible
future supplementation of materials used in the building industry.
Placing multidimensional fabrics made of alkali resistant glass (AR-glass) and processed with
the aid of modern textile technology [Gri02, Roy03] instead of the usual steel bars in the main
load directions of a complementary fine grained concrete [Bro01], might enable the engineer
in the future to design and build light and slender structures with a high load carrying
capacity. However, to understand and use the advantages of this new material it is necessary
to gain fundamental information on the mechanical properties of the composite. These
mechanical properties are identified within the collaborative research center “Textile
reinforced concrete – technical basis for the development of a new technology” (SFB 532)
undertaken at RWTH Aachen University [Chu04b, Heg04, Off04, Sch04]. A substantial
aspect in these investigations is the characterization of the shear force transmission between
the concrete matrix and the AR-glass strands which a fabric consists of; e.g. [Heg03a,
Kon03a].
In general the so-called pull-out test is a widely accepted experimental technique to determine
the basic shear bond characteristics between a single monolithic reinforcing element, for
example a re-bar, and its surrounding matrix. In the present case, however, the AR-glass
strands themselves already consist of several hundred individual filaments approximately 10
to 30 µm in diameter. Thus the way such a reinforcement functions is quite different from
other materials used in cement based composites; especially steel fibers or re-bars. Fig. 1.1
shows a cross-section of such an AR-glass strand embedded in an OPC matrix. Obviously the
non-uniform nature of the strand and the random penetration of the concrete make the
microstructure of this composite inherently variable and cause the substantial scatter in the
force-displacement relationships determined in pull-out tests on strand / matrix systems
[Bar82, Law86]. So far only a very limited amount of data is available on these
microstructural properties, which strongly affect the transfer of shear forces between strand
and matrix and hence the composite’s mechanical behavior. Because of this lack of
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information, the interpretation of experimental results even for the apparently simple pull-out
test yields considerable difficulties since an analytical or numerical modeling of a
strand / matrix system is restricted.
1 mm
Fig. 1.1. SEM micrograph of an AR-glass strand in a cement based matrix.
1.1 Objective
Based on the limited available data described above, the main objective of this study is
therefore to elaborate on experimental tests and analytical tools to determine and evaluate the
micromechanical and microstructural properties, which define the principal shear bonding
characteristics of an AR-glass strand / cement based matrix system. The aim is to
subsequently derive an analytical model which is capable of simulating the pull-out response
of this composite.
1.2 Proceeding
In order to achieve the objective, the following sub-problems are taken into consideration:
(I) The principal shear bonding characteristics and mechanisms between AR-glass and
a cement based matrix are identified and evaluated.
(II) Detailed information on how an AR-glass strand in a cement based matrix reacts
under a pull-out load is gained and the dominating failure mechanisms are to be
determined.
(III) The load carrying cross-section of the strand and the corresponding longitudinal
contact area with the surrounding matrix are both qualitatively and quantitatively
determined at each load step during the pull-out test.
(IV) Information is gained on the three dimensional arrangement of an AR-glass strand
in a cement based matrix with regard to the arrangement of the filaments, the
locations and amounts of matrix which has penetrated the strand, as well as voids,
pores, and imperfections influencing the interfacial characteristics.
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The findings and determined solutions for each sub-problem listed above as well as the
relationships and principles discovered between these different fields are finally used to
assemble a solution to the overall problem, which describes the shear force transmission and
models the pull-out response of an AR-glass strand / cement based matrix system.
1.3 Overview
There are currently no straightforward experimental methods to determine the shear bond
properties between two materials of a system, i.e. in the present case between AR-glass and
cement based matrix (sub-problem I). Thus in chapter 2 analytical expressions and models
published in previous studies used to identify these shear bond properties are described,
analyzed, and compared. Based on this literature review a considerably enhanced model is
proposed which relates to an axisymmetric idealization of a single fiber pull-out problem.
This model allows, for the first time, the straightforward calculation of an N-piecewise linear
bond law τ(s) on the basis of an experimentally determined load versus displacement relation
P(ω). No optimization routines or fitting procedures are required.
In chapter 3 the proposed analytical model is verified on the basis of experimental tests.
However, because a filament / matrix system is very fragile due to its small dimensions and
does not allow an easy variation of embedded length and filament diameter, which is
indispensable for a verification of the model, another single fiber / matrix arrangement is
selected. A steel fiber / cement based matrix system is chosen in this thesis to carry out the
verification, because this composite allows an easy handling and variation of the above
mentioned geometric parameters, i.e. the embedded length and filament diameter.
The final solution to sub-problem I, i.e. the bond stress versus slip relation τ(s) for an AR-
glass / cement based matrix system, is then derived in chapter 4 using the proposed analytical
model to evaluate the load versus displacement responses P(ω) of single filament pull-out
tests. Further material properties needed as input parameters for this analysis, for example the
tensile strength ft as well as the Young’s modulus EF of the filament, and the filament
diameter d, are also determined.
In chapter 5 a pull-out test on a strand is introduced to derive the load versus displacement
response P(Ω). Additionally a testing procedure, the so-called FILT-test (Failure
Investigation using Light Transmission properties) is developed, to work out how a glass
strand in a cement based matrix reacts under a pull-out load and to determine the different
failure mechanisms which occur. Investigations using the laser-scanning microscopy and
scanning electron microscopy give additional information on the pull-out processes. All
results are assembled to find a solution to sub-problem II. The results of the FILT test are
further evaluated by means of numerical image analyzing procedures, and the load step
dependent length of the longitudinal contact areas UC(Ω) as well as the actual load carrying
cross-sections of the strand NF(Ω) are determined (sub-problem III). Thus a relation is
1 Introduction4
established between the load versus displacement response of the strand / matrix system and
the number of filaments failing during the pull-out process.
In chapter 6 the last sub-problem IV is considered and some information is gained on the
three dimensional arrangement of a strand in a cement based matrix with regard to the
locations and amounts of matrix which has penetrated the strand as well as the distribution of
voids, pores, and imperfections within the strand by means of computer tomography (CT).
For a plane cross-section of the system a mathematical relation AM(v) is derived which
describes the decreasing amount of penetrated matrix towards the core of the strand.
Finally in chapter 7 all the solutions to the sub-problems which have been determined are
assembled together to give an answer to the overall problem, of how the response of a strand
in a cementitious matrix under a pull-out load can be characterized and modelled. Similar to
chapter 2, analytical expressions and models of previous studies are referred to and examined.
Based on these existing models and the results of the previous chapters, an enhanced model is
derived which, for the first time, allows a detailed simulation of the response of a
strand / matrix system under a pull-out load. The proposed model is applied and finally
verified in chapter 8.
5CHAPTER 2
ANALYTICAL MODELING OF A SINGLE FIBER PULL-OUT
PROCESS
In this chapter an analytical model is derived to determine the shear bond properties between
two materials in the form of a bond stress versus slip relation τ(s) based on results of single
fiber pull-out tests. After a validation in chapter 3, the proposed model allows the evaluation
of the principal bonding characteristics between AR-glass and a cementitious matrix in
chapter 4 (sub-problem I).
2.1 Introduction
As already mentioned, there are currently no straightforward experimental methods, even in
modern materials research, to determine the shear bond properties between two materials.
Nevertheless, there is growing recognition among researchers that these properties are of
primary importance for the understanding of a composite’s overall behavior and structural
performance. Therefore in recent years many different alternative test set-ups and
experimental techniques have been developed to gain more insight into the basic mechanisms
dominating this shear bonding behavior.
D
Matrix
D
Fiber,     = d
L
x
r
L
Pull-out specimen
Idealization
Axisymmetric model
d
Fig. 2.1. Original pull-out specimen and axisymmetric 3-D and 2-D idealization respectively.
In civil engineering one of the most common tests to investigate the shear force transmission
between e.g. a re-bar or a fiber and a cement based matrix is the so-called pull-out test. In this
test a force P pulls a single, monolithic reinforcing element with diameter d out of a cuboid of
matrix with dimensions LDD ⋅⋅  (Fig. 2.1) while the corresponding displacement ω is
recorded. The matrix is either fixed at the top (pull-push test) or fixed at the rear (pull-pull
test); see Fig. 2.2. Because an AR-glass strand is made up of many single, cylindrical,
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monolithic structures in the form of filaments (Fig. 1.1), the pull-out test on a single filament
may be feasible to investigate the shear bond characteristics between AR-glass and
cementitious matrix (sub-problem I).
x x
L L
P,ω P,ω
x
P,ω
F /2M F /2M
FF
x
P,ω
F /2M F /2M
FF
A1 A2
Fig. 2.2. Idealized test configurations A1 (pull-push test) and A2 (pull-pull test) respectively, and
corresponding global force equilibrium.
The result of this test is a load versus displacement relation P(ω) which is, however, only
characteristic for the tested geometric arrangement and does not represent a general material
property of the tested composite. In order to yield shear bond parameters which generally
define the shear force transmission between the reinforcing element material and the matrix
material and which are independent of the geometric arrangement, numerical evaluation
procedures to model the stress transfer have to be applied. These procedures use systems of
equations to analytically describe the processes occurring during a pull-out test. A 3-D
mathematical representation of the pull-out test, however, is difficult to solve and requires a
large amount of computational resources or the application of the Finite Element Method.
Assumptions can be made about the system to reduce this complexity. One way to simplify an
analytical model is to use symmetry attributes within the investigated system. If the original
matrix cuboid is assumed as a matrix cylinder of diameter D, the symmetry about the
longitudinal axis even allows in the present case a 2-D idealization of the 3-D system
(Fig. 2.1). Such an axisymmetric idealization of the pull-out problem has been analytically
described by many researchers over the past years. In general, three different kinds of
approach to model this problem can be found in literature: (I) The perfect interface model and
(II) the cohesive interface model which are both based on force equilibrium considerations,
and (III) the fracture mechanical model which is based on energy balance principles.
All three models have one aspect in common: that is they are based on a so-called direct
boundary value problem, i.e. they use given shear bond properties to simulate a load versus
displacement relation P(ω) of a pull-out test. Only in combination with an optimization
algorithm which fits the simulated pull-out curve to the experimental data by adapting the
material parameters, is it possible to actually derive unknown shear bond properties for a
material combination [Chu03]. But even with modern optimization routines this is quite a
difficult task where many parameters exist simultaneously. Furthermore, the input parameters
within the literature models, which define the shear force transmission between reinforcing
element and matrix, are initially limited in number and allow only a restricted functional
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description of the material properties, because the more arbitrary material parameters that are
implemented in the model, the more complex the resulting system of equations becomes. This
again has a substantial effect on the accuracy of the simulated pull-out response, if the shear
bond properties predominating the real structure cannot be described sufficiently by the
limited model parameters.
To find the most appropriate analytical model to evaluate the principal shear bond
characteristics between AR-glass and a cement based matrix on basis of the results of the
single filament pull-out tests presented in chapter 4, the following procedure is chosen: Firstly
all three models are briefly introduced and subsequently compared in detail. Based on this
literature review a considerably enhanced model is proposed in which the functional
restrictions of the parameters describing the shear bond properties of the composite are
eliminated. Finally a mathematical formulation is introduced which allows the inverse
boundary value problem to be solved, i.e. the shear bond properties can be deduced directly
from a load displacement curve P(ω) recorded from a pull-out test, and hence optimization
routines are no longer required.
2.2 Analytical bond models
2.2.1 The perfect interface model (stress approach)
As early as 1952 the so-called perfect interface model was developed by Cox, who assumed
that the shear bond between the reinforcing element and matrix is perfect and hence that
displacements and tractions are continuous at the interface [Cox52]. The assumption of the
idealization and the resulting axisymmetric model mentioned in chapter 2.1 and depicted in
Fig. 2.1 makes it possible to use equations of elasticity for an axisymmetric stress state as
done so by [Tim84], [McC89], and [Nai97]. The original three dimensional problem is then
reduced to two dimensions and can be represented by a set of two dimensional field equations
[Nay77].
Nevertheless, an explicit solution of these equations is actually extremely difficult to obtain
and if derived, is in many cases not feasible for a straightforward analytical reflection of a
pull-out problem because it is still very complex. One of the main reasons for this complexity
is that the x and r directions exist in the same unit shear strain equation of a plane element
(Eq. 2.1). Only if these two variables are separated from each other does this permit the two
dimensional analysis to be simplified to a one dimensional analysis and thus allow a practical
application. A standard assumption for simplification which is used in literature is therefore
r
u
x
u
,
r
u
x
u
xrxr
xr ∂
∂<<∂
∂
∂
∂+∂
∂=γ (2.1)
which implies that ur, the deformation in r direction, is a function of r only. γxr in Eq. (2.1)
refers to the in-plane shear strain and ux is the displacement in x direction (see Fig. 2.1).
Another assumption used in virtually all reviewed studies pertaining to an analytical modeling
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of a pull-out test is to replace the correct axial Hooke’s law with a one dimensional version
that ignores transverse stresses. Lastly the axial stress is taken as an average axial stress and is
therefore assumed to be independent of the radial direction.
To allow for a closed form mathematical solution, boundary conditions are now imposed. As
shown in Fig. 2.2, the load application is idealized as a single pull-out load P at the tip of the
reinforcing element (x = L) with a corresponding displacement ω applied in x direction. The
global equilibrium of forces in an arbitrary chosen cross-section leads to
)2A(PFF)1A(0FF MFMF =+=+ (2.2)
where FF corresponds to the force in the reinforcing element and FM to the force in the matrix
at a location x.
Utilizing the above-mentioned set of field equations and using the stated assumptions together
with symmetry and continuity equations [Nay77], a solution subject to the appropriate
boundary condition can be derived in terms of a second order differential equation, e.g. for
test configuration A1:
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(2.3)
where β is the so-called shear-lag parameter [Zha00]. EF and GF are the axial and shear
moduli of the reinforcing element respectively and EM and GM are, respectively, the axial and
shear moduli of the matrix; ηF and ηM are, respectively, the volume fractions of the
reinforcing element and the matrix within the specimen; and finally AF and AM are the cross-
sectional areas of the reinforcing element and matrix respectively (d is the diameter of the
fiber). See also [Nai97], [Kim98], and [Nai01].
Eq. (2.3) represents the so-called “shear-lag” method and is often used for analysis of stress
transfer problems in polymer composites. It is based on linear elastic material behavior and
further assumes a “perfect interface”, i.e. no slip between reinforcing element and matrix is
allowed and displacements and tractions are continuous at the interface. In subsequent studies
a uniform post-elastic constant bond strength has been applied, e.g. [Nai97], to consider a
frictional stress transfer between reinforcing element and surrounding matrix in the debonded
region of the system, i.e. in the region x > L-a (Fig. 2.3). The criterion in this approach for the
debonded zone to advance from its original length ‘a’ by an amount da is that the interfacial
shear stress must reach a critical value, termed the bond strength τcr. Generally it can be stated
that even more recent studies, e.g. [Nai97], concentrate only on the determination of the
interfacial stress distribution which yields the shear strength of the system and not on the
evaluation and simulation of a complete pull-out response, i.e. a load displacement curve
P(ω).
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As a result of the idealization of the composite (sharp edges) described above as well as the
assumed linear elastic material properties in combination with a perfect bond, infinite stresses
or so-called stress singularities appear at the crack tip (also in finite element calculations
[Mar94]), which are unlikely to arise in a real structure. Due to these singular stresses which
are inflicted by the mathematical model, several authors, e.g. [Sta85, Sha91a] have criticized
the use of the perfect interface model to predict the debonding process. They proposed to use
a fracture mechanical analysis to overcome this problem.
2.2.2 The fracture mechanical model (energy approach)
Fracture is generally defined in terms of a surface change in a body, that is in this case a
development of a crack along the reinforcing element and the matrix. The crack propagates
along the interface of the composite and creates two new fracture surfaces. Chemical and
mechanical bonds must be broken in order to create these new surfaces and this requires
energy. Griffith [Gri20] was the first to realize that the energy needed for a crack propagation
could be equated to the increase in surface energy due to the aforementioned increase in
surface area, although it was later discovered that energy is dissipated (e.g. as heat) during the
breaking of mechanical and chemical bonds when the crack extends.
Hence, the fracture mechanical model is characterized by the assumption that the propagation
of the debonded zone by da requires a certain amount of energy aG d⋅ and this energy is
characteristic for the bond between a certain reinforcing element and matrix (among others
[Gao87, Zha00]). The concept of a critical energy release rate Gcr is used, which is based on
Griffith’s original and well known hypothesis, and requires the knowledge of the external
loads and resulting overall deformations of the system.
However, even though the transformation of energy from one form into another is involved
during the pull-out process, the total energy of the system always has to remain constant. The
Law of Energy Conservation (first law of thermodynamics) states this fact by
SE UKUW ++= (2.4)
where W is the work done by external loading, U is the internal energy which includes elastic
and inelastic deformations (U = Ue+Une), KE is the kinetic energy, and US is the surface
energy of the body, due to cracking over a length a. Energy dissipated, e.g. due to changes in
thermal and chemical energy during the formation of a crack or to overcome friction in the
broken part of the interface, is included in US and Une respectively. In the case of the most
viewed Mode I (opening) failure, only the elastic deformation of the system U = Ue is
considered and the inelastic fraction is neglected. But in the present case of a pull-out system
(Mode II), the energy Wf needed to overcome friction if the reinforcing element is debonded
and pulled out of the matrix has to be considered as well (U = Ue+Wf). As long as the system
is in quasi-static equilibrium and the crack propagation is not catastrophic the kinetic energy
of the system is small and can therefore be neglected ( 0K E → ). Hence, if the reinforcing
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element is assumed to already be debonded from x = L to x = L-a, the global energy
equilibrium for a pull-out system can be written as [Leu92]
Sfe UWUW ++= (2.5)
If the system is in equilibrium, the change in energy of the system per unit area when the
crack extends by da is given by
Gd
a
W
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U
a
U
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W
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a
W feSfe π++=++=
d
d
d
d
d
d
d
d
d
d
d
d (2.6)
where dUS / da = π d G is the energy release rate at the interface per unit area of crack
progression, added to the energy of the system due to the formation of additional surface area
in the body. Note that π d is the circumference of the reinforcing element.
During a pull-out test a displacement ω is applied at the loaded end of the reinforcing element
and the corresponding, resulting force P is measured and recorded as a function of ω. Hence
the external work needed for a crack advance da can be written as dW = P dω and substituted
in Eq. (2.6). This yields
aGdWUP fe dddd π++=ω (2.7)
Assuming that
• plane faces remain planar,
• dur (M,F,I) / dx << dux (M,F,I) / dr, i.e. that the radial displacement ur (M,F,I) is a function of r
only (see above and e.g. [Nay77, Nai97]),
• a uniaxial and constant stress state exists because σF, and σM respectively, are taken as
average axial stresses and independent of r,
• transverse stresses may be ignored because Hooke’s law is adopted in a one dimensional
version (µ = 0, e.g. [Nai97]),
• the reinforcing element and matrix behave linear elastic, and
• an interface of finite thickness ζ  allows for a shear stress transfer between these two
materials but does not experience any longitudinal deformation (Fig. 2.4)
we get
( ) xssdx
2
A
x
2
A
U
aL
0
)x(s
0
L
0
MM
M
L
0
FF
F
e d
ddd ∫ ∫∫∫ − ζτπζ+εσ+εσ= (2.8)
The first and second term of Eq. (2.8) represent the elastic strain energy stored in the
reinforcing element and the matrix respectively. The third term of Eq. (2.8) represents the
elastic region of the interface and is hence integrated over the interval [0, L-a], see Fig. 2.3,
because from there on the interface is no longer assumed to be elastic but is predominated by
friction, i.e. macro-cracking. A possible amount of elastic strain energy in this part is
neglected. Applying loading configuration A1, i.e. substituting Eq. (2.2) into Eq. (2.8) yields
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1U
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0
)x(s
0
L
0
MFFe ∫ ∫∫ − τπ+ε−ε= (2.9)
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Fig. 2.3 Bond stress versus embedded length relation τ(x) under the assumption of linear elastic
pre-cracking and constant frictional post-cracking shear bond properties.
The evaluation of the surface integral for the friction surface in the interval [L-a, L], the
energy Wf needed to overcome friction if the reinforcing element is debonded can be given as
the double integral
( ) xdsdsdW L
aL
)x(s
s
f
fr
∫ ∫
−
τπ= (2.10)
Substituting Eq. (2.9) and Eq. (2.10) in Eq. (2.7) yields
( ) ( )
( ) adGdxdsdsdd
xdsdsdxdF
2
1ddP
L
aL
)x(s
s
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0
)x(s
0
L
0
MFF
fr
π+



 τπ+



 τπ+ε−ε=ω
∫ ∫
∫ ∫∫
−
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(2.11)
Such a linear fracture mechanical model is found in the early study by [Out69], who likewise
separated the interface into an elastic region x < L-a, where no damage has occurred and a
debonded zone x > L-a, with an interfacial damage leading to a separation of the reinforcing
element and matrix over a crack length a. However, in this debonded zone only frictional
stress transfer is considered ( ( ) .consts
fr
=τ=τ  for s > sfr, see also [Gao88]). Hence, similar to
the perfect interface model a linear elastic composite is assumed until the pull-out force
reaches a critical value and the reinforcing element starts to debond, because the resulting
double integrals in Eq. (2.11) are otherwise very hard to evaluate. For similar reasons in all
reviewed studies, the consideration of a frictional stress transfer in the debonded region of the
reinforcing element assumes only a constant and uniform post-elastic bond strength τfr. Many
authors used this model since that time to determine the energy release rate G for τfr = const.
(solving Eq. (2.11) for G), among others [Bud86], [Gao87], [Kim92], [Liu99], and [Leu02]. A
possible way to experimentally determine the energy release rate is given in [Jen85].
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2.2.3 The cohesive interface model (stress approach)
Somehow parallel to the main development of the fracture mechanical model, [Wan88] was
among the first to realize, that solutions to the pull-out problem based only on a linear elastic
pre-debonding behavior and a constant, uniform post-elastic frictional shear bond could not
cope with nonlinear abrasion effects observed in experiments conducted on specimens
containing nylon monofibers embedded in a cementitious matrix. Based on the work by
[Law72] who proposed a “three material composite” consisting of a reinforcing element, a
matrix and a so-called interface, [Gop88] introduced the imperfect interface model accounting
for nonlinear elastic material properties. This imperfect interface has nontrivial properties,
which cannot be inferred from material parameters of the reinforcing element and matrix, nor
measured directly, but must be obtained indirectly from the evaluation of pull-out test results.
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4
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7
x
P,ω
F /2M F /2M
FF
dxdτ
FF
F + dFF F
a b
Fig. 2.4. (a) Global equilibrium of forces and equilibrium of forces on a reinforcing element of
length dx (test configuration A1).
(b) Absolute displacements of the reinforcing element uF(x) and matrix uM(x) as result of
loading.
It is the displacement continuity requirement valid in the perfect interface model which is
abandoned when the interface is assumed to be imperfect. To understand this imperfection let
us imagine a thin region of thickness ζ and ζ << d between the constituents, referred to by
many authors as the interphase, which has properties different from the reinforcing element
and the matrix.
For the example of a steel fiber / cementitious matrix system such an interphase was observed
by [Pin78, Ben86, Iga96], consisting of a calcium hydroxide layer (CH), and a porous layer of
calcium silicate hydrates and ettringite; see Fig. 2.5. Corresponding microhardness tests
showed [Ben86], that this transition zone, which may extend from the surface of the fiber up
to about 50 µm, has different material properties compared to the bulk material, for example
the strength of the interphase is quoted to be up to 30% less than that of the common cement
matrix. If the stiffness of this interphase is much smaller in comparison to the adjoining
constituents, the deformation in this zone may be of equal or greater order than the
deformations of the stiffer reinforcing element uF and matrix uM respectively. This interphase
deformation can be expressed by the deformation difference between the adjoining
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reinforcing element and matrix, the slip s = uF - uM. This idea is clarified in Fig. 2.4 for the
test configuration A1
Bulk matrix
Interphase 
Steel fiber
50 mµ
Duplex film
CH layer
Porous layer
Bulk matrix
Fig. 2.5. Transition zone between a steel fiber and surrounding OPC matrix after 28 days.
If this real existent interphase now is idealized due to its small thickness to become a surface,
i.e. an interface (note the f instead of the ph and the c instead of the s), then this displacement
difference becomes a displacement discontinuity. The distinctive feature of this idealization
lies in the recognition that the shear stress between the reinforcing element and matrix τ at
any point x is a function of the slip s at that segment dx. This function τ(s) is called the bond
stress versus slip relation (BSR) or bond law.
An enhancement of the imperfect interface model is the cohesive interface model (e.g.
[Abr96, Foc00]), assuming that an interface failure occurs and hence debonding takes place
when the maximum stress at the interface reaches a critical value, e.g. the shear strength of the
interface τcr. After reaching τcr at x = L-a-c the shear stress gradually decays over a length c as
the material weakens (cohesive or softening zone) and can be assumed “completely”
debonded from x = L-a onwards, when only friction predominates the stress transfer between
the reinforcing element and matrix. A shear stress distribution over the embedded length of
the reinforcing element L is schematically shown for this model in Fig. 2.6 (compare
Fig. 2.3).
ω, P
x
τcr
0 0
0 0
τ τ
L
a
Crack
τfr
Fiber
Cohesive interface
Matrix
c
s
scr sfr
BSR
Fig. 2.6. Bond stress versus embedded length relation τ(x) assuming non-linear elastic pre-
cracking and non-uniform frictional post-cracking shear bond properties.
This shear stress distribution and hence the progressive debonding of the reinforcing element
from the matrix is governed by the underlying BSR τ(s). So generally it can be stated, that as
long as the slip between the reinforcing element and matrix is smaller than scr the reinforcing
2 Analytical modeling of a single fiber pull-out process14
element is bonded, a crack is initiated when s(x) reaches the value scr or equivalently when the
shear stress reaches the value τcr. In the range scr to sfr the bond softens (formation of micro
cracks) and when a value s(x) > sfr is reached a macroscopic crack is formed. A good review
on existing cohesive interface models is given in [Yua01].
The corresponding mathematical representation of the pull-out problem is generally expressed
in the literature by a second order differential equation derived on basis of two equations of
equilibrium, an equation of compatibility and Hooke’s law, and can be deduced as shown in
the following:
If an axial load P is applied on the reinforcing element at a location x = L and the system is
restrained as shown in Fig. 2.4, the change in load dFF over a distance dx along the
reinforcing element is a function of the introduced shear stress in terms of x and the
circumference of the reinforcing element in contact with the matrix:
τπ= d
x
FF
d
d (2.12)
Assuming that the interface is sheared due to an applied pull-out load as shown in Fig. 2.4,
and defining the absolute displacement of the matrix at a point x in relation to its origin as uM
and that of the reinforcing element as uF, the slip s can be defined, which is the difference of
uF and uM, i.e. MF uus −= . Differentiating s with respect to x yields
MFx
s ε−ε=
d
d (2.13)
where εF and εM are the reinforcing element and matrix strains respectively at a point x. Using
Hooke’s law this yields
MM
M
FF
F
AE
F
AE
F
x
s −=
d
d (2.14)
For demonstration purposes the relationship between τ and s is given as sκ=τ  where κ is
constant, see [Nam88]. By differentiating Eq. (2.12) and sκ=τ , combining them and using
Eq. (2.14) in combination with the static equilibrium from Eq. (2.2) the second order
differential equation of the cohesive interface model can be derived as:
κ⋅


 +π=λ
===λ−′′
MMFF
2
FFF
2
F
AE
1
AE
1d
0)0(F,P)L(F,0FF
(2.15)
See also [Naa91], [Baz94], [Abr96], and [Aka99].
Another possible approach is to model the experimental situation in respect to the local slip s,
see e.g. [Som81] and [Foc00]. After substituting Hooke’s law for the reinforcing element and
matrix respectively into Eq. (2.13), differentiating the result with respect to x and using
Eq. (2.2) in combination with Eq. (2.12), the following second order differential equation in
terms of s is obtained.
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Eq. (2.16) represents the basic relationship between the second order derivative of the local
slip s and the local bond stress τ which is also itself assumed to be a function of the local slip.
A normalized bond law T(s) is introduced to simplify the following comparisons, discussions
and derivations. To distinguish between the BSR τ(s) and T(s), T(s) shall hereafter be referred
to as the normalized bond flow versus slip relation (NBSR).
Knowing that at x = 0 the force in the fiber is zero ( 0)0(s =′ ), assuming the slip s at the
loaded fiber end is ω (s(L) = ω) and denoting the coordinate of the fiber by 0 ≤ x ≤ L, the
mathematical representation of the pull-out problem can be expressed either as boundary
value problem (BVP) - see [Foc00] -
ω==′=′′ )L(s,0)0(s),s(Ts (2.17)
or as a corresponding initial value problem (IVP) for a fiber end slip υ at x = 0
υ==′=′′ )0(s,0)0(s),s(Ts (2.18)
τcr τcr τcr τcr
τfr τfr τfr τfr
s =scr fr scr scr scrsfr sfr
s s s s
τ τ τ τ
[Naa91] [Abr96] [Foc00] theoretical BSR
Fig. 2.7. Proposed BSR and theoretical BSR.
Various proposals about possible BSR τ(s) progressions have been made - see Fig. 2.7. Many
authors (e.g. [Sta90] and [Naa91]) consider the stress-slip relation to consist of a linear elastic
part followed by a sudden stress drop and a residual constant friction (compare to the perfect
bond and the fracture mechanical model). However, it can be assumed to be more realistic to
consider a gradual softening after a debonding of the reinforcing element, similar to a Mode I
failure. Studies of [Gop88] and [Abr96] address issues relating to such a linear softening
process during debonding and pull-out. [Foc00] proposes a nonlinear bond stress versus slip
relationship superposing a modified exponential expression (Bertero-Eligehausen-Popov) and
a linear decreasing function.
All of the above mentioned BSR have in common that only a limited number of parameters is
used to describe the functional relationship between τ and s, and therefore a general
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mathematical description is restricted. This is due to the fact that until recently it has not been
possible to implement such a general mathematical description of the BSR in an analytical
model to predict the pull-out response of a reinforcing element, because: (I) it is quite difficult
if not impossible to find a closed form analytical solution for a general τ(s) function, (II)
numerical simulation has only remarkably advanced in recent years, and (III) the
simultaneous calibration of a great number of parameters describing the BSR still needs a
considerable amount of computational time or can even not be possible. However, the BSR
has to represent the presence and eventual combined action of the following several bond
mechanisms in the analytical model [Bar81]: (I) physical and chemical adhesion between the
reinforcing element and the matrix, (II) mechanical interlock due to deformed, crimped and
hooked reinforcing elements, and (III) friction, which is greatly influenced by abrasion
[Age99]. Therefore the BSR must be considered highly nonlinear [Som81, Krü03] as for
example shown on the right of Fig. 2.7.
2.2.4 Comparison of the models
Any researcher who wants to simulate the pull-out process or yield the failure criterion for a
reinforcing element / matrix system under a pull-out load on basis of experimental results, has
to decide which of the above presented models to use. Therefore the main distinctions
between the three models are outlined in the following.
2.2.4.1 Perfect interface versus cohesive interface
Apparently there has been some confusion with regard to the principal differences between
the perfect interface model and the cohesive interface model as the basic mathematical
expressions of both models for linear elastic pre- and constant frictional post-cracking bond
properties look very much alike, see Eq. (2.3) and Eq. (2.15). This confusion and the fact that
the former is mainly used by chemical engineers to model the interfaces of polymer
composites, whereas the latter is used by mechanical or civil engineers to characterize the
shear bond properties between cement based matrices and certain reinforcing elements, are
the main reasons that a closer comparison between both models has not been made.
However, the main distinctions can be summarized as follows: Whereas the perfect interface
model assumes a perfect contact surface between the reinforcing element and matrix and thus
a continuous displacement field within the composite before the actual debonding process, the
cohesive interface model proposes a very thin interphase of thickness ζ between the
constituents and abandons the displacement continuity requirement within the structure. A
comparison of Eq. (2.3) (perfect interface model) to Eq. (2.15) and Eq. (2.16) (cohesive
interface model) outlines these differences in the models. The bond modulus κ in Eq. (2.15)
or more generally the BSR τ(s) in Eq. (2.16) which refer to the shear bond properties between
reinforcing element and matrix in the cohesive interface model, contain implicitly the
Young’s modulus, the tensile strength, the shear modulus, and the shear strength of the
transition zone. It is further assumed that the total shear deformation of the system between
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fiber and matrix is passed in this interfacial layer defined by λ or τ(s). λ and τ(s) are
independent material parameters which define, for example, the surface dependent adhesion
between reinforcing element and matrix and cannot be inferred from material properties of the
composite alone. This is in contrast to the interfacial parameter β in Eq. (2.3) which defines
the shear bond properties in the perfect interface model and is based purely upon the
composite’s material properties. As a result, potential surface treatments or changing
transition layers (see Fig. 2.5), which certainly influence the bond characteristics [Wu99], can
only be included in the perfect interface model if an effective matrix diameter depending on
the fiber surface properties [Zha01] is assumed, i.e. by adapting the matrix area AM. Also,
potential nonlinear shear bond properties as observed e.g. by [Wan88] can only be considered
by a corresponding adaptation of the geometric parameter AM.
This might also be the reason that in contrast to the cohesive interface model only linear
elastic, pre- and constant frictional post cracking shear bond properties have so far been
assumed in the perfect interface model, which are the main cause of the inflicted stress
singularities at the crack tip. Nevertheless, both models define a so-called stress criterion in
the form of a bond shear strength τcr (see e.g. Fig. 2.7) to define the onset of a shear crack
between reinforcing element and matrix and thus the start of the debonding process.
2.2.4.2 Perfect interface versus fracture mechanics
In recent years the analytical modeling of the debonding process within a composite either
under the assumption of a perfect interface or under fracture mechanical considerations has
been compared in different studies, e.g. more lately [Zha98a]. Whereas the fracture
mechanical model (Eq. (2.11)) considers the debonding to be due to crack propagation along
the interface and the failure criteria as the critical energy release rate Gcr, the perfect interface
model (Eq. (2.3)) uses the shear bond strength τcr as the criteria for an interfacial failure.
According to [Zha98a] the principal relation between these two failure criteria can be
established as
M
M
F
F
cr
cr
E
E
1
dG
L
1
η
η+
=τ (2.19)
if the temperature difference between temperature at a stress-free state and the test specimen
temperature is neglected. In any case, the fracture mechanical model uses the general energy
rate G as the main input characteristic which is again assumed to be an independent material
parameter similar to the τ(s) relation in the cohesive interface model; compare Eq. (2.11).
Although [Zha00] showed, that both models can adequately describe the experimentally
derived load versus displacement relationships of pull-out tests carried out on glass
fiber / epoxy resin systems, no general proof could be given as to whether one model was
more appropriate in describing the shear force transmission than the other. Some authors even
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claim the perfect interface model to not reflect the reality of a reinforcing element / matrix
system under all conditions, especially not for a brittle failure [Leu90].
2.2.4.3 Cohesive interface versus fracture mechanics
Whilst in recent studies different authors have compared the cohesive interface model with
the fracture mechanical model, e.g. [Sta90, Leu92, Sch92, and Leu02], and derived, that either
under certain conditions both models lead to comparable results or that under other conditions
one model is more favorable than the other- e.g. [Leu90] -, no proof for the general
applicability of either model could be given. The mathematical representation of these
models, i.e. Eq. (2.11) and Eq. (2.16), are therefore directly compared below and it is shown
in this thesis for the first time that they are in fact equivalent and describe the interfacial
processes in a similar way. In principle the following derivation, which has been carried out
in close cooperation with the Institute for Pure and Applied Mathematics at RWTH Aachen
University ([Ban04a], [Ban04b], [Jun04a], [Jun04b] and [Jun04c]), is similar to the
comparison of the stress and mechanical approaches published in [Sta90]. However, in this
following case a general description of the BSR is chosen instead of a pure linear elastic pre-
and constant frictional post crack relation.
As a first step Eq. (2.9) is substituted in Eq. (2.11), the shear stress is normalized, i.e.
)s(d)s(T τγπ= , and FF is replaced by γ′ /s  according to Eq. (2.16):
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Note, that the integral of the bond stress versus slip relation is evaluated in the interval
[sfr, s(x)] because friction is assumed to occur only if s(x) > sfr (see also later chapter 2.2.4).
However, in Eq.(2.20) friction is not assumed to be constant unlike in every other study so
far, but it is valid for any pre- and post-failure distribution of τ(s).
As a second step a similar expression for the external work P dω needed for a crack advance
da is derived on the basis of the IVP stated in Eq. (2.18) representing the stress approach so
that both models can be mathematically compared later on. By expressing the pull-out
problem with respect to the local slip s (Eq. (2.16)) instead of the force FF in the reinforcing
element (Eq. (2.15)), such a mathematical comparison is simplified. This is due to the fact
that the BSR is explicitly adopted in the second order differential equation and related directly
to all the measurands of the pull-out test by the boundary conditions (Eq. (2.17) and
Eq. (2.18) respectively). As the displacement ω is increased by dω, the slip distribution s(x) is
increased by ω⋅ω∂∂=δ ds  (thus δ(L) = dω). Rewriting Eq. (2.18) and multiplying by δ
yields
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The terms in the brackets on the right side of Eq. (2.21) represent the total strain energy in the
system, i.e. for the individual components as well as for the interface of the composite.
A comparison of Eq.(2.20), which represents the external work P dω needed for a crack
advance da in the interface of the fiber / matrix system - derived on the basis of fracture
mechanical and energy conservation considerations - and Eq. (2.21) representing the same
expression - derived on basis of the stress approach - yields
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Solving Eq. (2.22) for G yields
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Hence
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Note, that Eq. (2.24) corresponds to the total area under the BSR curve in the range from s = 0
to s = sfr (see right hand side graph in Fig. 2.8). Hence, the energy release rate for Mode II is
based on the same principles, which have been used for a long time, for a Mode I failure.
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Fig. 2.8. Relation between the BSR and G according to [Baz94] and the present study.
Note further that the BSR τ(s) is assumed to be dependent on the material and not on the
crack length a nor the displacement ω, and it has been found that τ(s) (cohesive interface
model) can be directly related to G (energy approach) and G is constant (Eq. (2.24)). Hence
the energy criterion is satisfied. Based on the work by [Bar62] and [Ric68], i.e. assuming a
cohesive zone ahead of the actual crack, [Pal73] derived a similar expression, as early as
1973, for the energy release rate G by evaluating a line integral J on a curve Γ surrounding the
crack tip only which starts from the lower surface and ends on the upper surface of the
cohesive zone of the crack. This idea was picked up by different authors, including among
others [Baz94, LiV97, and Leu02]. However, in contrast to the present work friction is
considered differently in these studies which assume G to be the area under the τ(s) curve in
the interval [0, sfr] minus a frictional part also ranging from zero to sfr (τfr assumed constant).
In the present study, G corresponds to the total area under the τ(s) curve in the interval [0, sfr]
(see Fig. 2.8 for illustration) and does not consider a reduction for friction due to the
assumption made before (see Eq. (2.10)) that friction is only activated when the slip has
reached a critical value sfr. The work needed to introduce microcracking, which results in the
softening behavior, is explicitly included in the fracture energy which is stated in Eq. (2.24).
In almost all studies pertaining to a comparison of the stress and the energy approach
([Hsu90], [Sta90], and [LiV94] among others), the failure criterion is chosen to be the shear
strength τcr and hence the corresponding slip scr of the system. However, as has been shown,
this stress criterion only yields the corresponding fracture energy if a brittle failure occurs, i.e.
scr = sfr, for example the case in [Sta90]. In all other cases, the stress criterion τcr
underestimates the energy needed to advance a crack of length a by da. Therefore, the
criterion in the stress approach for an interfacial failure should not be the critical shear stress
τcr, but should instead be the critical slip sfr between fiber and matrix, from which on friction
predominates the stress transfer in the interface.
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As mentioned before, several authors have criticized the use of the stress criterion to predict
fiber debonding, but this is only true if the perfect interface model is used. In the case of the
cohesive interface model, however, the stress criterion is valid due to a constant energy
release G and because the BSR used in this model can be directly related to G.
2.2.5 Which model to use?
It has been shown in the previous chapter that the application of either the cohesive interface
model or the fracture mechanical model to analyze experimental pull-out test results is
actually not dependent on the type of failure occurring in the system as proposed by [Leu90]
or [LiV97], but both models are in fact equivalent assuming they are based on the same
idealizations. However, if the fracture mechanical model is used to derive the interfacial
properties in the form of the energy release rate G as e.g. done by [Jen85], then the full
interfacial fracture process will be specified by this energy release rate only. As it is certain
that different BSR relationships can lead to an identical energy release rate, as G relates to the
integral of τ(s) Eq. (2.24), the BSR τ(s) is more explicit than the energy release rate G in
describing the interfacial characteristics. Therefore in contrast to the fracture mechanical
model, the cohesive interface model seems a better choice to determine more detailed shear
bond properties of a filament / cement based matrix system as described later on in chapter 4.
A shortcoming of the perfect interface model is that, as mentioned before, this model
considers possible influences on the bond characteristics between the reinforcing element and
the matrix (such as those due to surface treatments or potential nonlinear shear bond
properties) by an adaptation of the geometric parameter AM. However, this adaptation seems
inappropriate as AM also predominates the extensional stiffness of the matrix in the model and
thus there is a confusion between two different material parameters of the composite.
Furthermore, the perfect interface model shows stress singularities at the crack tip which in all
probability do not occur in the real composite and lastly this model does not account for an
interphase which has been experimentally observed for steel fiber / cement based systems
[Iga96] and is likely also to arise in AR-glass filament / cement based matrix composites. Due
to these reasons the cohesive interface model is favored over the perfect interface model in
this study.
However, due to the aforementioned reasons all proposed cohesive interface models are so far
based on a BSR τ(s) described only by a limited number of parameters (see Fig. 2.7) and
therefore a general mathematical description of the bond law is restricted. To allow such a
general mathematical description of the BSR within the cohesive interface model, an
approach based on the work by [Win85] is introduced and considerably enhanced in the
following (direct boundary value problem, i.e. )(P)s( ω→τ ). An N-piecewise linear
relation between the bond stress τ and the slip s as shown in Fig. 2.9 is used to permit a
relatively free characterization of the bond stress versus slip relation (N is not limited) and
thus a good approximation of the theoretical BSR stated in Fig. 2.7. The following models
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were derived in close cooperation with the Institute for Pure and Applied Mathematics at
RWTH Aachen University ([Ban04a], [Ban04b], [Jun04a], [Jun04b] and [Jun04c]).
2.3 The direct boundary value problem - )(P)s( ω→τ
The mathematical representation of the pull-out problem for the cohesive interface model can
be expressed by a second order differential equation derived on the basis of two equations of
equilibrium, an equation of compatibility and Hooke’s law (see Eq. (2.16)) and two initial
conditions, resulting in the IVP stated in Eq. (2.18). The differential equation and the initial
conditions stated there correspond to the test configuration A1 illustrated in Fig. 2.2, i.e. a
pull-push test. The following derivation is therefore also based on this test configuration.
Assuming now an N-piecewise linear bond law with no limitation of N (see Fig. 2.9) the
function )s(d)s(T τγπ=  can be expressed for an interval i ( i1i sss ≤≤− ) as
( ) 0sT,
ss
TT
m,Tssm)s(T 00
1ii
1ii
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−=+−=
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Similar to T(s) the force FF in the fiber is normalized as well.
)x(s)x(F)x(q F ′=γ= (2.26)
For simplicity reasons the state of the system x is not explicitly written in the equations any
more. Hence, for example q(x) = q.
scr sisi-1
τcr
τi-1τi
0
τ
s
Fig. 2.9. N-piecewise linear relation between the bond stress τ and the slip s.
From Fig. 2.2 the boundary conditions can be deduced; the force in the fiber at x = L
corresponds to the pull-out load P, hence ϕ=γ==′ P)L(q)L(s . Note that the normalized
pull-out force γP is set as ϕ for simplification. Knowing that at x = 0 the force in the fiber is
zero, the following is obtained: 0)0(q)0(s ==′ . Likewise it can be stated that the
displacement at the loaded end of the fiber gives s(L) = ω. Assuming the slip s at the free
fiber end to be υ (s(0) = υ), the above mentioned boundary and initial conditions
mathematically expressed in Eq. (2.17) and Eq. (2.18) respectively can be illustrated as shown
in Fig. 2.10.
The IVP (Eq. (2.18)) can be solved easily in an iterative process for any given T(s) and υ with
a numerical integration procedure, e.g. the RUNGE – KUTTA – Procedure ([Bro91]), and the
help of a popular math - program (e.g. Maple). However, to allow a better insight into the
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processes during a pull-out of a fiber, to give a complete solution routine to simulate a pull-
out test, and primarily to work out the basics for the inverse boundary value problem
)s()(P τ→ω  introduced later on, the derivation of a solution procedure is shown as follows.
L
P, ω
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Fig. 2.10. Slip distribution and boundary conditions.
During a pull-out test a displacement ω is applied at the loaded end of the fiber and
continuously increased until the fiber is pulled out of the surrounding matrix. The
corresponding resulting force P is measured and recorded as a function of ω.
In the analytical simulation, similar to the actual pull-out test, the displacement ω  is given
and the resulting normalized pull-out force ϕ⋅γ −1  has to be determined in an iterative
procedure, such that the boundary condition at the free fiber end 0)0(s =′  is satisfied
(compare Fig. 2.10 and Eq. (2.18)). For simplification of the following derivation and
discussion we consider the situation at a certain load step during the pull-out test, where a
displacement ω is applied at the loaded end of the fiber and a corresponding normalized pull-
out force of ϕγ −1  is measured (see Fig. 2.10, graph on left hand side). This load step is
chosen such that the introduced displacement ω at x = L during the simulated pull-out test
equals the slip of the upper-bound of the interval n of the selected piecewise linear function
T(s), i.e. )L(ss n ==ω . The corresponding normalized pull-out force is )L(sq n ′==ϕ . The
graph on the right of Fig. 2.10 shows these two parameters in the slip versus location of
embedding curve. The applied displacement ω corresponds to the slip sn at the location xn = L
and the normalized pull-out force ϕ to the slope ns′ at the location xn = L. In a similar way the
index i for i = 0 to n mentioned in the following derivation is associated with the slips si at the
upper-bound of the interval i ]s,s[ i1i−  of the piecewise defined NBSR T(s) with the
corresponding normalized shear flows iTs =′′  and fiber forces iqs =′  as well as slips s = si at
a location xi (see Fig. 2.10 middle graph / right hand side graph). Keeping this in mind we can
proceed as follows: Using a reduction of order method
s)s(T)s(
2
1ss 2 ′=′′=′′′
2 Analytical modeling of a single fiber pull-out process24
similar to [Baz94], knowing that the lower boundary for s is υ (the slip at x = 0, see
Fig. 2.10), and substituting a function A(s) for the integral term of 2 T(s), )s(Ts =′′  in
Eq. (2.18) yields
∫∫ =υ−==′
υ
s
0
s
2 s)s(T2:)s(A),(A)s(As)s(T2s dd (2.27)
Eq. (2.27) states that the difference of the integral of T(s) in the interval [0, υ] and [0, s]
respectively corresponds to the difference of the squares of the tensile forces in the fiber at
x = 0 and x. Hence the force in the fiber qi-1 at a location xi-1 ( 1i1i q)x(s −− =′ ) can be
determined for a given ii q)x(s =′ , if Eq. (2.27) is evaluated for s = si and s = si-1 and the
results are subtracted. This yields
( ) ( )
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Substituting 
i
s′  and 
1i
s −′  with ii qs =′  and 1i1i qs −− =′ and rearranging gives
( ) ( )1ii1i21iii2i2 1i ssT2ssmqq −−−− −−−−= (2.29)
Eq. (2.29) states that for a given force ii sq ′=  in the fiber at a location xi a force 1i1i sq −− ′=
in the fiber at a location xi-1 may be calculated. xi corresponds to the upper-bound si and xi-1
corresponds to the lower-bound si-1 of the interval i of the piecewise linear NBSR T(s). See
Fig. 2.10.
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Fig. 2.11. Slip distribution with a zero slope in the interval k+1 at xˆ  (condition I).
As mentioned before, a solution for the IVP in Eq. (2.18) is found if a pull-out force ϕ = qn
can be determined such that
• the slope s′  and hence the force q  at a location xˆ  in the fiber is zero (condition I),
• and that the location where 0s =′ is at 0xˆ = , i.e. the free fiber end (condition II).
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See Fig. 2.11. For i = n the force qn is known to be the normalized pull-out force
ϕ===′ nq)Lx(s . Because the NBSR is also known, the forces in the fiber can be calculated
recursively with the help of Eq. (2.29), starting from i = n.
During this recursive process it may occur that a 0q 2 1k <−  is calculated according to Eq. (2.29)
but 2kq  is still greater zero. This indicates that the slope of the function s(x) has changed its
sign between the locations xk-1 and xk; see Fig. 2.11. Hence the condition 0s =′  is satisfied
within the range k1k xxˆx <<− . Because the locations xk-1 and xk also correspond to the
lower-bound sk-1 and upper-bound sk, respectively, of the interval k of the NBSR (Fig. 2.10),
it can be further deduced that the slip of the free fiber end υ is in the range of sk-1 ≤ υ < sk
(Fig. 2.11), and thus it can be stated that s′  turns zero somewhere in the interval k.
However this recursive determination of the fiber forces using Eq. (2.29) only guarantees that
the slope is zero at a xˆ  (condition I) but not that 0s =′  at the location 0xˆ =  (condition II)
because Eq. (2.29) is independent of x.
To determine the location xˆ  where 0s =′ , the sum of the incremental lengths 1iii xxx −−=∆
has to be determined (compare Fig. 2.11). Only if this sum yields the embedded length L, is
the above mentioned condition II that 0s =′  at 0xˆ =  satisfied.
The summation of the incremental lengths ∆xi can be written as follows (compare Fig. 2.11)
∑
+=
∆+∆=
n
1ki
ixxL (2.30)
with k being the interval number corresponding to the interval just before s′  turns zero.
∆xi and x∆  of Eq. (2.30) can be determined as follows. Evaluating Eq. (2.27) for s and
s = si-1, subtracting the results, and rearranging yields (similar to Eq. (2.28))
( ) ( ) 21i1i1i21ii sssT2ssmdx
dss −−−− ′+−+−==′ (2.31)
After a separation of variables, substituting 1i1i sq −− ′= , and integrating, the following for the
lower-bound si-1 and upper-bound si of the interval i of the T(s) function is obtained:
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According to [Bro91] Eq. (2.32) can be evaluated as follows. For mi > 0:
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And for mi < 0:
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The last incremental length x∆  can be determined knowing that the force in the fiber at xˆ  is
zero ( 0q 2 1k ≡− ). Substituting
k
1kk
1kk m
TTss −−
−=−
according to Eq. (2.25), and 0q 2 1k ≡−  in Eq. (2.29) yields after a few transformations for the
interval k
2
kk
2
k
2 qmTT −= (2.35)
where TT 1k ≡−  is the shear stress at xˆ . Using 0q 2 1k ≡− , TT 1k ≡− , and Eq. (2.35) in either
Eq. (2.33) or Eq. (2.34) gives x∆  for mk > 0 and mk < 0 respectively. This yields for mk > 0
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and for mk < 0
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The above listed procedure can be summarized as follows:
A ϕ = qn has to be found in an iterative procedure for a given displacement ω== )Lx(s n
such that the incremental lengths ∆xi (for mi > 0 according to Eq. (2.33) and for mi < 0
according to Eq. (2.34)) sum up to the embedded length L according to Eq. (2.30). The lower-
bound k in Eq. (2.30) is evaluated by using Eq. (2.29) in a recursive way starting from i = n
until a (qk-1)2 < 0 is determined and hence the interval number k is found in which the force in
the fiber becomes zero.
If a ϕ = qn is found which satisfies the boundary condition 0)0(s =′  the solution is found to
the IVP listed in Eq. (2.18) and hence the resulting force P =γ-1 ϕ is determined for an applied
displacement ω at the loaded end of the fiber. To derive a complete load displacement
diagram for a given normalized shear flow relation T(s) and hence a given shear stress
relation τ(s), initial conditions P = γ-1 ϕ have to be found for many load steps of a pull-out test
such that Eq. (2.30) is always satisfied. Nevertheless, with the help of a computer routine,
where the above described numerical iteration process is included, the right initial conditions
ϕ can be found quite easily, and hence a complete pull-out test is simulated. An example to
clarify the principle solution procedure is given in Appendix A.
2.4 The inverse boundary value problem - )s()(P τ→ω
It has been found and shown in the previous chapter that there is a straightforward relation
between the NBSR T(s) and the corresponding normalized pull-out force versus displacement
relation ϕ(ω) and also that a load versus displacement relation can be derived from a given
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BSR. Based on this result it must also be possible to derive a BSR from a given load versus
displacement relation, i.e. )s()(P τ→ω  for a given P(ω).
The same procedure as described above is utilized but instead of determining the pull-out
force P in an iterative procedure, the normalized shear stress Ti is identified, as shown below.
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Fig. 2.12. Inverse determination of T(s).
To indicate the current load step, the normalized pull-out force ϕ and the corresponding
displacement ω are labeled with the load step number n, i.e. ωn for the displacement and
)L(sq nnn ′==ϕ  for the normalized pull-out force at a load step n. See Fig. 2.12 for
illustration. Note, that the partition of ω in the load versus displacement curve results in the
same number of divisions in the T(s) relation, i.e. ωn always corresponds to the slip sn at a
location xn = L as well as to the slip sn for the T(s) relation and is therefore the upper-bound of
the interval n of the piecewise linear function T(s), with 0 ≤ i ≤ n. The normalized pull-out
force ϕn again corresponds to the slope ns′  at the location xn = L.
The principal solution routine for the inverse boundary value problem is as described above,
except that now a Tn has to be found in an iterative procedure for a given displacement
)Lx(s ==ω and a given pull-out force )L(sP 11 ′γ=ϕγ= −− , such that the incremental
lengths ∆xi (for mi > 0 according to Eq. (2.33) and for mi < 0 according to Eq. (2.34)) sum up
to the embedded length L according to Eq. (2.30) (compare Fig. 2.10). x∆  is again defined as
described in Eq. (2.36) and Eq. (2.37) respectively. The lower-bound k in Eq. (2.30) and
Eq. (2.36) is evaluated in turn by using Eq. (2.29) in a recursive manner from i = n (ϕn = qn)
until a (qk-1)2 < 0 is calculated and thus the interval is found in which the force in the fiber
turns zero. The point (sn, Tn) and hence the point (sn, τn) of the desired BSR is found if the
boundary condition 0)0(s =′  of the IVP, stated in Eq. (2.18) and Eq. (2.30), is satisfied.
Starting at a very low load level and therefore with a small initial displacement ω1 and
assuming a piecewise linear relation between T and s, the corresponding and only unknown
variable is T1 which can easily be determined with the help of Eq. (2.30), knowing that m1 > 0
and n = 1 (see Fig. 2.12). Thus, the first point in the BSR is found.
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Choosing a following load step and the corresponding somewhat higher displacement ω2
(n = 2), T2 can be evaluated in a similar iterative procedure using Eq. (2.29) in a recursive
manner from i = n = 2 (ϕ2 = q2) until a (qk-1)2 < 0 is determined and hence the interval number
k in Eq. (2.30) is found in which the force in the fiber turns zero. If the chosen T2 further
satisfies Eq. (2.30), the next point in the BSR is found (see Fig. 2.12). Note that for this
recursive calculation the next point in the BSR can only be determined if the previous points
are known. Similar to the procedure described above the total BSR can be evaluated load step
by load step.
A problem arises from this stepwise determination of the BSR, because as already mentioned,
for the determination of a further point n in the T(s) relation, all previously identified linear
parts of the BSR are needed, which is in contrast to the direct boundary value problem. There,
the identified pull-out forces at a certain load step are no longer used for subsequent
calculations, and possible errors made during the evaluation at this step do not influence the
further calculation of the load displacement curve to be identified.
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Fig. 2.13. Oscillation effects during the inverse identification of T(s).
However, for the inverse boundary value problem errors made in the derivation before, do
sum up or even potentially increase, which results in oscillation effects and in the worst case
in a non converging calculation. See Fig. 2.13 for an example. This phenomenon has
previously been observed in many cases for indirect boundary value problems and for
different applications. For a general overview on inverse problems in engineering mechanics
see [Tan98] and [Tan00]. To minimize the influence of this error propagation certain features
and regularization methods are implemented in the numerical solution routine of the presented
work. Among other things, a regularization method following [Lam00] is used to suppress the
aforementioned oscillation effects. This procedure introduces certain collocation points S in
the chosen intervals [Si, Si+1] for 0 ≤ i ≤ n and seeks a new solution according to the above
described solution routine. An averaging technique is utilized to evaluate a new Ti+1 closer to
the proper NBSR and thus the error magnification is suppressed to a considerable degree.
Another possibility is the implementation of a monotony precondition, i.e. after the evaluation
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of the maximum normalized bond stress Tcr in the NBSR, the following determined Tn must
be monotonically decreasing.
2.5 Summary
In this chapter a proof is given that the fracture mechanical model (energy approach) and the
cohesive interface model (stress approach), which are commonly considered to be alternative
or are even excluded for certain reasons, are equivalent - chapter 2.2.4. As the so-called
cohesive interface model allows an easier mathematical representation of the pull-out
problem, it is found to be adequate to simulate the load versus displacement response P(ω) of
a single fiber pulled out of the surrounding matrix. Further the fracture energy needed to
extend the crack between fiber and matrix by an increment da is determined to represent the
integral over the bond stress versus slip relation in the interval [0, sfr] (Eq. (2.24)), where sfr
corresponds to the slip value between fiber and matrix above which the interface is assumed
to be fully cracked and only frictional stresses are transmitted.
Based on the theory of the cohesive interface model, an analytical approach to simulate the
single fiber pull-out behavior is introduced in which a N-piecewise linear bond stress versus
slip relation is adopted with no limitation of the linear intervals assumed. Hence, if N is taken
large, any possible bond law distribution can be approximated, i.e. a general mathematical
description of this relation is allowed, but until now this has not been possible. As no closed
form analytical solution of this direct boundary value problem exists for this approach, a
simple numerical solution procedure is presented and applied.
Finally an analytical simulation procedure is proposed, which is based on an inverse boundary
problem and allows for the first time the straightforward calculation of an N-piecewise linear
bond law τ(s) with no limitation of N on the basis of an experimentally determined load
displacement distribution P(ω), without using any optimization routines or fitting procedures.
Although some more work has to be done in the future to allow an automated identification of
the BSR based on experimentally determined load displacement relations P(ω), e.g. the
integration of more powerful regularization methods to suppress oscillation effects, the
numerical procedure presented in this study is a first step towards a more detailed evaluation
of the bond properties of composites.
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CHAPTER 3
APPLICATION AND VALIDATION OF THE COHESIVE
INTERFACE MODEL
To illustrate the application of the model derived in the previous chapter and allow an
experimental validation, pull-out tests on steel fiber / cementitious matrix systems with
different fiber diameters and bond lengths are carried out and described in this chapter and
analyzed with regard to the underlying BSR τ(s). The effects on the experimental results and
on the evaluated τ(s) relationships due to these varying geometrical parameters are
investigated, because the proposed model is only valid if it allows an identification of shear
bond parameters which are independent of the geometric arrangement. This validity implies
that the material characteristics, which generally define the shear force transmission between
the material of the reinforcing element and the material of the matrix, are modeled
sufficiently. Furthermore, this verification assures that the shear bond parameters evaluated
later on in chapter 4 reflect the effective bond properties of AR-glass filaments embedded in a
cementitious matrix.
3.1 Introduction
In principle the single fiber pull-out test (Fig. 2.2) is based on a relatively simple experimental
configuration and has widely been used not only to investigate the shear bond properties of
steel fiber or re-bar / cement based matrix systems (e.g. [Naa91a]) but also of ceramic matrix
(e.g. [Bar91]) or polymer matrix composites (e.g. [Zha00]). However, this experimental
technique also has some limitations associated with the scale of the test. Firstly, there is a
maximum embedded length of the reinforcing element, Lcrit, permitted for pull-out without a
tensile failure occurring. Secondly, so-called stochastic size effects can be observed for small
diameter fibers embedded in a cementitious matrix as this matrix is an inhomogeneous
structure [Gut99]. The inhomogeneous random arrangement of, for example, pores can induce
a dramatically reduced effective embedded length not visible from the outside, which will in
turn result in an underestimation of the actual shear bond properties, if this effect is not
regarded in the analytical model used for the evaluation. Nevertheless, if these aspects are
considered during the testing procedure and later on during the analytical evaluation process,
the single fiber pull-out test is an applicable tool to investigate the shear bond properties.
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3.2 Materials composition and specimen preparation
The straight and smooth steel fibers with different diameters are cast in a fine-grained
concrete matrix (PZ-0899-01) which features a maximum grain size of 0.6 mm, a
water / binder ratio of 0.4, and a binder content of 700 kg/m³. The actual concrete
composition is listed in Table 3.1. For more information refer to [Bro01].
Table 3.1. Fine-grained concrete PZ-0899-01 composition.
PZ-0899-01
Constituent Content
kg/m³
Binder
CEM I 52,5 N 490
Fly ash 175
Silica fume 35
Admixtures
Superplasticizer 14
Aggregates
Siliceous fine sand 499
Sand 714
During casting the fibers are situated vertically in the mold of dimensions Lmm50mm50 ⋅⋅ ,
with L being the embedded length of the fiber (Fig. 3.1). The fibers run over the total height
of the specimen and extend on the upper side about 125 mm and on the lower side about
50 mm. The hole on the lower side of the mold allowing the fiber to extend is sealed with
silicon paste. The embedded length L is varied from 12.1 to 80.0 mm and the fiber diameter
from 0.3 to 2.5 mm (Table 3.2).
Formwork
Fine grained
 concrete
50 mm
Silicon paste
L
125 mm
Steel fiber
Fig. 3.1. Specimen preparation for steel fiber pull-out tests.
All fibers used in the test are previously degreased with aceton. After casting, the specimens
are compacted for 60 sec. on a V-B table with a vibration amplitude of 0.5 mm. The
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specimens are cured in the mold for 48 hours and then stored at 20°C at 65% RH until ready
for testing at a concrete age of 7 days. In tension tests, the Young’s modulus of the fine-
grained concrete was determined to be 35,000 N/mm² [Bra02] and that of the steel fiber to be
210,000 N/mm² [Geu03].
3.2.1 Experimental sequences
The experimental program carried out in this investigation to verify the cohesive interface
model and study the interfacial bond in cementitious composites comprises a total of 18 series
of tests. Each of the 18 series consists of five tests for a certain combination of fiber diameter
and embedded length, i.e. the test is repeated four times for each combination. In Table 3.2
these combinations are specified.
Table 3.2. Combinations of fiber diameter and embedded length.
Combination Fiber diameter
d/mm
Embedded length
L/mm
1 2.5 35.0
2 2.0 40.0
3 2.0 35.0
4 2.0 30.0
5 2.0 20.0
6 2.0 10.0
7 1.5 80.0
8 1.5 30.0
9 1.5 27.1
10 1.2 27.1
11 1.0 30.0
12 1.0 22.1
13 0.8 22.1
14 0.6 30.0
15 0.6 17.1
16 0.3 30.0
17 0.3 13.6
18 0.3 12.1
3.3 Experimental methods
In order to examine the debonding and pull-out processes in the experiments, the specimen is
glued (X60) at its base to a steel block, such that the fiber extends through a hole in the block
with its end attached to a linear variable differential transducer (LVDT), fixed to the bench of
the universal testing machine (Instron 5566). See Fig. 3.2 for a schematic illustration of the
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test set-up. The steel block itself is also fixed by a frame to the bench of the testing machine
and the top end of the fiber is clamped by a mechanical grip at a free length of 100 mm to the
cross head of the Instron. The loading is controlled by cross head displacement with a rate of
about 0.10 mm/min. This deformation control is adopted to allow measurements in the
residual stage.
If the cross head displacement is utilized to gain information on the deformation of the fiber
immediately above the matrix, the elastic strain contribution over the free length of the steel
fiber between the clamping point and the point of intersection with the matrix has to be
subtracted. To avoid the problems which result from this manual revision of the P(ω)
relationship - e.g. due to a slip in the mechanical clamping - a video extensometer is
introduced in the experiment.
This system consists of two main parts: a video camera and a video processing part, which is
stored in a PC containing a frame-grabber interface card and software to analyze the data. The
frame-grabber interface card converts the PAL video signal into an 8-bit digital format whilst
simultaneously generating a 800 x 600 pixel image. The interface is capable of resolving the
gray scale level of each pixel into 256 shades. An analogue interface is available to connect
the load cell (Instron, measuring range 0.1 to 5.0 kN) to the PC and hence both signals can
be saved simultaneously.
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Fig. 3.2. Set-up for pull-out tests on steel fibers embedded in a cementitious matrix.
The video-extensometer operates directly as a (non-contact) displacement measurement
device by determining the change in distance between two markers, the so-called targets. The
targets produce rapid contrast changes in gray scale and thus allow the evaluation of the
absolute displacements of a point by tracking these specific gray scale distribution in the x -
and y – direction respectively in the sequence of the pictures taken (12.5 pictures per second).
The maximal resolution depends on the field of view. In the present case the accuracy is
determined for a display window of 10 x 10 mm², which is utilized for the testing of about
0.6 µm. Two white paint markings, one on the steel fiber itself about 1/10 of a millimeter
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above the intersection point of fiber and matrix and another on a reference plate fixed to the
bench, are used as targets for the video extensometer.
Hence, instrumentation is provided to measure the displacement of the fiber at the active
(loaded) and passive (free) end relative to the end faces of the specimen, i.e. P(ω) and P(υ)
relationships are derived at the loaded and free fiber ends respectively. The applied force, and
the displacements of the loaded as well as free end of the fiber are continuously recorded for
every 2 N change in force.
3.4 Test results
The load displacement curves are given separately for the loaded as well as for the free fiber
end displacements, i.e. P(ω) on the left hand side of Fig. 3.3 to Fig. 3.20 and P(υ) on the right
hand side of Fig. 3.3 to Fig. 3.20 respectively (black lines). Additionally in each diagram the
simulated P(ω) or P(υ) curves are plotted (black squares). As will be explained later in this
study these simulated load versus displacement curves are based on one and the same BSR
τ(s) which is evaluated with the help of the cohesive interface model derived earlier.
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Fig. 3.3. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 2.5 mm and an embedded length
of 35.0 mm (combination 1 in Table 3.2); Experiment and simulation.
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Fig. 3.4. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 2.0 mm and an embedded length
of 40.0 mm (combination 2 in Table 3.2); Experiment and simulation.
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Fig. 3.5. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 2.0 mm and an embedded length
of 35.0 mm (combination 3 in Table 3.2); Experiment and simulation.
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Fig. 3.6. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 2.0 mm and an embedded length
of 30.0 mm (combination 4 in Table 3.2); Experiment and simulation.
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Fig. 3.7. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 2.0 mm and an embedded length
of 20.0 mm (combination 5 in Table 3.2); Experiment and simulation.
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Fig. 3.8. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 2.0 mm and an embedded length
of 10.0 mm (combination 6 in Table 3.2); Experiment and simulation.
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Fig. 3.9. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 1.5 mm and an embedded length
of 80.0 mm (combination 7 in Table 3.2); Experiment and simulation.
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Fig. 3.10. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 1.5 mm and an embedded length
of 30.0 mm (combination 8 in Table 3.2); Experiment and simulation.
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Fig. 3.11. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 1.5 mm and an embedded length
of 27.1 mm (combination 9 in Table 3.2); Experiment and simulation.
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Fig. 3.12. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 1.2 mm and an embedded length
of 27.1 mm (combination 10 in Table 3.2); Experiment and simulation.
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Fig. 3.13. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 1.0 mm and an embedded length
of 30.0 mm (combination 11 in Table 3.2); Experiment and simulation.
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Fig. 3.14. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 1.0 mm and an embedded length
of 22.1 mm (combination 12 in Table 3.2); Experiment and simulation.
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Fig. 3.15. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 0.8 mm and an embedded length
of 22.1 mm (combination 13 in Table 3.2); Experiment and simulation.
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Fig. 3.16. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 0.6 mm and an embedded length
of 30.0 mm (combination 14 in Table 3.2); Experiment and simulation.
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Fig. 3.17. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 0.6 mm and an embedded length
of 17.1 mm (combination 15 in Table 3.2); Experiment and simulation.
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Fig. 3.18. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 0.3 mm and an embedded length
of 30.0 mm (combination 16 in Table 3.2); Experiment and simulation.
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Fig. 3.19. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 0.3 mm and an embedded length
of 13.6 mm (combination 17 in Table 3.2); Experiment and simulation.
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Fig. 3.20. Load versus active fiber end displacement diagram P(ω) and load versus passive fiber end
displacement diagram P(υ), for a steel fiber diameter of 0.3 mm and an embedded length
of 12.1 mm (combination 18 in Table 3.2); Experiment and simulation.
All of the listed results and graphs show the typical and expected behavior found in pull-out
tests; an increasing part with positive gradient governed by elastic bond, followed by a
decreasing softening stage (negative gradient) and finally by a flattening stage controlled by
friction where the pull-out force comes close to constant. As the fiber is pulled through the
surrounding matrix (see chapter 3.2), the frictional bond resistance stays constant although it
is possible that some minor changes can be detected due to abrasion effects or wedged
aggregates. The variation of the load deflection curves is dependent on the fiber diameter and
embedded length used in the test. With increasing fiber diameter and/or embedded length the
variation decreases.
3.5 Application and validation of the model
The derivation of the above described model (chapter 2.4) is based on the test configuration
A1 of a pull-push test, i.e. a fiber is pulled out of the matrix against a restraint, in contrast to
the experimental tests presented, which are pull-pull tests (the matrix is restrained at the base).
However, as has been shown in [Zho92] and [Bra00a] the influence of a different loading
condition on the expected results can be neglected, if the ratio between the stiffness of the
fiber and that of the matrix is greater than 10, i.e. 10AEAE FFMM ≥ . In the present case the
extensional stiffness of the fiber is found to be e.g. for a fiber diameter of 2 mm
kN659²mm
4
2²mm/N000,210AE
2
FF ≅π⋅=
The Young’s modulus of the fine-grained concrete is determined to be 35,000 N/mm², but the
load carrying area of the matrix is not known. From pure expert opinion it is stated that the
whole cross-sectional area of ²mm5050 ⋅  will not contribute to the load transmission.
Nevertheless, own experimental tests carried out under the use of fiber optic strain sensors
which are embedded in the matrix at different radial distances from the fiber showed that the
load carrying area is, under all circumstances, large enough to guarantee, that an extensional
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stiffness ratio greater than 10 is maintained [Geu03]. Hence the proposed solution routine is
not only valid for a pull-push test but also for a pull-pull test.
Applying this routine for the evaluation of the load displacement curves P(ω) presented in
Fig. 3.3 to Fig. 3.20, the underlying BSR τ(s) can be evaluated for each test carried out. For
example the derived τ(s) curve for one pull-out test of a 0.8 mm diameter steel fiber
embedded over 22.1 mm in fine-grained concrete (combination 13 in Table 3.2) is listed in
Fig. 3.21; note the oscillations and refer to Fig. 2.13.
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Fig. 3.21. Evaluated bond stress versus slip relation τ(s) for one pull-out test on a steel / fine-
grained concrete (PZ-0899-01) system; 0.8 mm steel fiber diameter and an embedded
length of 22.1 mm (combination 13 in Table 3.2).
If an adjacent averaging technique is adopted to smooth the progression of the BSR (black
squares in Fig. 3.21) and the presented routine is used for all 5 test results of combination 13
in Table 3.2, the BSR listed in Fig. 3.22 can be obtained. The bond laws of the investigated
test series show variation corresponding to those of the P(ω) relations, see Fig. 3.15. The
black squares in Fig. 3.22 refer to the calculated average BSR of combination 13.
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Fig. 3.22. Evaluated bond stress versus slip relations τ(s) for all tests of combination 13 in Table 3.2
(0.8 mm fiber diameter and an embedded length of 22.1 mm, steel fiber / fine-grained
concrete (PZ-0899-01) system).
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If the underlying average bond laws are derived using an averaging technique for all the
combinations listed in Table 3.2 and all replications of tests within a series, an overall average
BSR τ(s) can be evaluated as presented in Fig. 3.23. Based on this evaluated τ(s) relationship,
the direct boundary value problem (chapter 2.3) is used to simulate the expected pull-out
response for the different fiber diameters and embedded lengths tested. The results of these
simulations are shown on the left hand side of Fig. 3.3 to Fig. 3.20 together with the
experimental pull-out test results. In general it may be stated that a good consistency with the
experimental tests is achieved.
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Fig. 3.23. Evaluated bond stress versus slip relation τ(s) for the material combination steel / fine-
grained concrete (PZ-0899-01, see [Bro01]).
The graph on the left of Fig. 3.9 which shows the P(ω) relationships measured and simulated
for the combination with a 1.5 mm fiber diameter and an embedded length of 80.0 mm,
indicates that the increasing part of the graph as well as its peak are overestimated by the
simulation. This may be due to two reasons: Firstly, the specimens experience a mechanical
interference when compacted, leading to possible segregation and sedimentation effects in the
transition zone between fiber and bulk matrix. Secondly, the relative displacement between
the two markings, one on the steel fiber itself and one on a reference plate fixed to the bench,
is measured and taken as ω. However if the embedded length increases, the absolute
deformation of the matrix also increases and can no longer be ignored. Unfortunately this
effect has not been considered during this study but the fact that the simulation of the load
displacement curves measured on the free fiber end - i.e. P(υ) - agrees with the measured
results of the same combination suggests that the derived bond law is also valid for this
combination; see the right hand side graph of Fig. 3.9.
Note that these simulated P(υ) relations (on the right side of Fig. 3.3 to Fig. 3.20) are only
used for the validation of the proposed model, and they show, due to their good agreement
with the measured relationships, that the evaluated τ(s) relationship can be seen as a material
parameter which explicitly characterizes the bond between a steel fiber and the fine-grained
concrete. Additionally, these results show that the proposed cohesive interface model is
capable of simulating the pull-out processes of fibers embedded in a cementitious matrix.
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Hence this model may be used for further applications in this thesis, i.e. to determine the bond
characteristics between AR-glass and fine-grained concrete.
3.6 Stochastic size effects
It is well understood that concrete is an inhomogeneous material, i.e. pores, imperfections and
voids are found in the bulk matrix and in the transition zone, which influence the mechanical
and chemical behavior and certainly the bond characteristics of the material. From this point
of view an objective simulation cannot be carried out if these imperfections are not
incorporated in the model. However if the basic geometric parameters are considered, which
are used in the cohesive interface model described in chapter 2, and applied as before, the
assumption is made that the fiber (or in the following case the filament) is embedded over the
full embedded length and the full circumference in the matrix.
However, as the SEM micrographs show, voids and pores influence the contact area and
hence the bond quality considerably, especially as the fiber diameter decreases, because the
pore size distribution of the matrix remains constant and only the fiber diameter changes. In
literature this effect is called a stochastic size effect. Examples of impressions of steel fibers
of 2.5 mm and 0.3 mm diameter in the fine-grained concrete PZ-0899-01 are given in
Fig. 3.24 to clarify this effect.
A) 
10 mµ
B) 
10 mµ
Fig. 3.24. A) Interphase (transition zone) between steel fiber diameter 2.0 mm and fine-grained 
concrete (Mag = 400 X, black area is the impression of the fiber).
B) Interphase (transition zone) between steel fiber diameter 0.3 mm and fine-grained 
concrete (Mag = 400 X, black area is the impression of the fiber).
In the present study these stochastic size effects are also observed, as Fig. 3.20 shows, which
relates to the pull-out tests on a 0.3 mm diameter steel fiber embedded over 12.1 mm in fine-
grained concrete (combination 18 in Table 3.2). It can be seen in Fig. 3.20 that the simulated
P(ω) distribution only fits the results of one of the measured pull-out tests, with the remaining
4 experimental relationships falling well below this simulated graph. This might be due to
adjacent pores or aggregates in the interface which disturb the adhesive bond between cement
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paste and steel fiber. Note the maximum grain size is 0.6 mm which is, in this case, twice
larger than the fiber diameter.
Hence it may be stated that these imperfection concentrations cause the variations in the
experimentally determined pull-out curves, and this variability also causes the BSR τ(s) to
vary. Certain approaches may be feasible to investigate these variations in the interfacial
structure and later on such stochastic size effects are taken into account in the evaluated bond
law τ(s). One possibility is to use a deterministic and stochastic analysis; e.g. the well known
Monte Carlo method, in which different realizations of the random variables are generated
according to their probability distribution. In the present case one of these variables could be
the pore size distribution and hence the influenced circumference and embedded length.
However, in order to use this method, detailed information must be available with regard to
the pore, void, and imperfection distribution along the interface of a fiber matrix system for
many specimens. Only if this information is given, can a probability distribution be evaluated
and used in this analysis.
Using the so-called finite element reliability method, [Gut99] studied such a size-effect
phenomenon for the pull-out problem of steel anchors. The theoretical results [Gut99]
obtained are in agreement with the experimental observations of this study, in the sense that a
small specimen size, particularly the fiber diameter, is quite sensitive to stochastic
imperfections and exhibits a large scatter in the pull-out response. In addition to the required
information on the pore, void and imperfection distribution, a probability density function
must also be known or assumed for this analysis.
A third possibility to study the interfacial contact area is by optical microscopy. However, this
is a destructive test method and therefore the results can only be obtained either from
specimens, which have already experienced a pull-out loading and thus an alteration of the
interfacial zone, or from specimens which have been prepared only for this test. Thus, it is not
possible to relate the results of the interfacial pore distribution directly to the pull-out test
carried out.
A further method to determine and quantify the global interfacial structure could be the
measurement of the electrical resistivity of the interface [Fu95, Fu98]. If a correlation
between the contact resistivity and the effect of the void, imperfection and pore distribution at
the interface on the pull-out response is found, a test method is given, which provides an
indication of the variability of the interfacial structure. It is to be understood that only
conductive fibers can be used. [Fu98] showed for steel fibers that the contact resistivity
decreased linearly with the maximum bond strength τcr. Hence it may be assumed, that the
correlation between the contact area and the contact resistivity is also linear.
Unfortunately, none of the testing procedures or analysis methods described above are used in
this study to account for stochastic size effects during the evaluation of the particular bond
laws τ(s) because of the complexity of the testing procedures or analytical implementations in
the cohesive interface model. If it is assumed that the highest pull-out force corresponds to the
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largest contact area between fiber / filament and matrix, and therefore is closest to the
idealized contact area defined by the embedded length L and circumference π d in the
cohesive interface model (see [Fu98]) then the stochastic size effect can be indirectly
considered during the determination of the BSR, which predominates the bond between either
steel fibers and fine-grained concrete or later on glass filaments and fine-grained concrete.
3.7 Summary
The cohesive interface model derived in chapter 2 is applied and validated by using the results
of pull-out tests which have been carried out on smooth and straight steel fiber embedded in a
fine-grained concrete. A good agreement between simulation and experimental test results is
obtained, and hence an appropriate analytical tool is found to determine and evaluate the
principal bonding characteristics and behaviors between an AR-glass filament and a
surrounding cement based matrix (sub-problem I, chapter 1).
It is further concluded that the determined bond stress versus slip relation τ(s) is a material
parameter, and hence not dependent on geometric factors of the fiber and matrix such as fiber
diameter and embedded length. However for small fiber diameters (d < maximum grain size)
so-called stochastic size effects are observed, but these are so far not accounted for in the
cohesive interface model. The stochastic size effect of the fine-grained concrete implies a
random void, pore and imperfection distribution in the interface, i.e. inhomogeneity, which
influences the bond quality considerably, if the size of, e.g., the pores is of the same
magnitude as the diameter of the fiber.
Nevertheless, with the presented model the bond characteristics of different fiber / matrix
systems can be compared in much more detail, because the complete bond stress versus slip
relationship τ(s) can be evaluated. Furthermore, if τ(s) is known, a tailoring of the interface
properties by surface preparation with regard to an optimized mechanical performance of the
composite material with enhanced characteristics is possible. Future work on this model could
include, for example, the implementation of effects due to lateral pressure on the fiber, time
dependent effects, and repeated load cycles.
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CHAPTER 4
BOND BETWEEN GLASS FILAMENTS AND A CEMENT BASED
MATRIX
In the previous chapters the cohesive interface model which allows the detailed evaluation of
the bond properties of a single fiber / matrix system was introduced (chapter 2) and verified
on the basis of pull-out tests on steel fibers (chapter 3). As the aim of this thesis is to
characterize the bond of a strand / matrix system which is in turn predominated by the bond
between the individual AR-glass filaments and the surrounding or penetrated fine-grained
concrete (Fig. 1.1), the proposed model is now systematically adopted in this chapter to
evaluate the BSR τ(s) between an AR-glass filament and a cement based matrix (sub-
problem I, chapter 1). As shown before, the principal input values for this model are the load
versus displacement relationship P(ω), the corresponding embedded length L as well as the
extensional stiffnesses of the filament and the matrix respectively (see Eq. (2.16) and
Eq. (2.18)). Hence, in the following, the experimental testing techniques are introduced which
are used to determine these parameters; e.g. a single filament tensile test to determine EF,
optical microscopy to determine AF, and a single filament pull-out test which allows the
experimental identification of the load versus displacement relation P(ω). Subsequently the
cohesive interface model is applied to derive the underlying BSR τ(s) of the tested material
combinations.
4.1 Introduction
In 1966 scientists at the Building Research Establishment (BRE) in the UK started to develop
glass strands containing Zirconia (ZrO2) which show a high resistance to glass corrosion in an
alkaline medium, i.e. the attack by hydroxyl ions from the hydrating cement matrix; this
product is now known as alkali resistant (AR) glass. Since that time, a variety of chemical
compositions of mineral glasses have been used to produce AR glass strands. Most of them
are based on silica (SiO2) with additions of oxides and other constituents; see Table 4.1. Glass
strands can be produced either in continuous filament or staple form. The continuous glass
filaments are generated from molten glass (about 1550°C) by being drawn through small
orifices (platinum-rhodium bushings). The resulting filament diameter is controlled by the
orifice size, the drawing speed (approaching 1000 to 2000 m/min) and the viscosity of the
molten glass. Immediately after drawing, the filaments are rapidly cooled down and sized.
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Table 4.1. Typical AR glass composition 1.
Constituent Content
%
SiO2 60-70
Al2O3 0-5
ZrO2 15-20
CaO 0-10
Na2O 10-15
TiO2 0-5
1 according to Vetrotech Saint-Gobain safety sheet (http://www.sgva.com/pdf/sgvx_msds_arglass.pdf)
The size layer around the strand which consists of organic products dispersed in water, is
designed to give the glass strand certain characteristics necessary for final processing. Each
size is specially designed for a molding or compounding process and for a different matrix
type (e.g. resin or concrete) and usually contains a silane type chemical "coupling agent"
which contributes to enhance the mechanical properties of composites and in particular their
resistance to aging. After sizing, the filaments are loosely bonded into strands. These strands
usually contain 204 filaments with an approximate diameter of between 10 and 30 µm
assembled in the form of a flattened bundle. If two or more strands are brought together, a so-
called roving is produced. Such a roving may contain over 2000 individual filaments. Only a
few meters after drawing and sizing the strand or roving respectively is wound up onto a
spool and is then ready for further processing. To simplify matters a strand and a roving will
not explicitly be distinguished any more but will only be referred to as strands from here on.
Due to technical reasons it is, so far, not possible to produce a single filament or withdraw a
single filament directly during the production process described above. Hence, to perform
tensile tests on filaments or pull-out tests on filament / matrix systems, single filaments have
to be manually extracted from a strand for further specimen preparation.
Such extracted filaments were used in recent years by many researchers to carry out tensile
tests or pull-out tests to evaluate the tensile strength as well as the Young’s modulus and bond
characteristics between different types of resin and filaments respectively. A review on these
studies is found in [Shi97]. Some of the few studies which pertain to pull-out tests on filament
embedded in a cementitious matrix are [Vek68, Hil85, Kat95a, Kat95b] but, no detailed
information on the specimen preparation and the experimental methods could be found, and
hence suitable testing procedures had to be developed during this project from scratch.
Information with regard to the preparation of samples of a polymeric matrix was considered
but could not easily be transferred to the present problem of a filament embedded in a
cementitious matrix, due to, for example, different hardening times of the resin, the general
matrix composition, etc.
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4.2 Materials composition and specimen preparation
4.2.1 AR-glass filaments
The following tensile and pull-out tests are performed on filaments extracted from strands
used within the collaborative research center SFB 532. See Table 4.2 for a listing. A variety of
5 different types of AR glass strands from two different manufacturers with different filament
diameters are used. The nomenclature used within the collaborative research center is
adopted. For a detailed reference see [Gri02]. From here on, the strand types will be referred
to by the names in column 1 of Table 4.2.
Table 4.2. Strand types.
Strand type Tensile Strength Tensile Modulus Failure strain
N/mm² N/mm² %
1-NEG NEG-RO-ARG-310-1-00 1 - 74,000 5 2.0 5
2-NEG NEG-RO-ARG-1100-1-00 1 - 74,000 5 2.0 5
3-NEG NEG-RO-ARG-2400-1-00 1 1,400 5 74,000 5 2.0 5
4-VET VET-RO-ARG-320-1-01o 2, 3 3,000 4 73,000 4 4.3 4
5-VET VET-RO-ARG-2400-1-01 2 3,000 4 73,000 4 4.3 4
1 Nippon Electric Glass; 310, 1100, and 2400 tex alkali resistant glass roving respectively; production date 2000.
2 Vetrotech Saint-Gobain; 320, and 2400 tex alkali resistant glass roving respectively; production date 2001.
3 without sizing
4 according to the manufacturer (http://www.sgva.com/business_info/gstrand2.html#11)
5 according to the manufacturer (http://www.neg.co.jp/arg/arg_fiber_en.html)
The 3-NEG and 5-VET strands are 2400 tex rovings, i.e. one km of this strand weighs 2.4 kg
(linear weight). The density of the AR glass is, according to the manufacturers’ specifications,
approximately 2.69 kg / dm³, and hence the cross-sectional area of these strands can be
calculated to be 0.889 mm²; likewise 1100 tex (2-NEG) corresponds to 0.409 mm², 320 tex
(3-VET) to 0.119 mm², and 310 tex (1-NEG) to 0.115 mm² as cross-sectional areas of the AR-
glass strands.
No detailed information on the composition of the size is given by the manufacturers.
However, investigations within the SFB 532 showed that the main component of the size
applied on the NEG strands is polyethylene glycol whereas the main component of the size
applied on the VET strands is a silane [Hof01]. Additional information gained in extraction
tests indicate that the quantity of size applied on the 5-VET strands is more than three times
higher in comparison to all other strands [Hof01], which corresponds to a layer thickness of
around 0.25 – 0.50 µm. Note that no size at all has been applied on the 4-VET roving.
4.2.2 Fine-grained concrete
As for the pull-out tests on steel fibers the filaments, which are extracted from all the above
listed types of strands, are tested in combination with the previously introduced PZ-0899-01
fine-grained concrete (see also Table 4.3). To evaluate whether a different matrix composition
4 Bond between glass filaments and a cement based matrix50
has any influence on the pull-out response, a second composition of fine-grained concrete
(FA-1200-01) is introduced where, in comparison with the PZ-0899-01 matrix, a cement
fraction of 280 kg/m³ has been replaced by fly ash. Compared with the cement the fly ash
features a larger particle size and different hardening characteristics. Both compositions are
presented in Table 4.3.
Table 4.3. Fine-grained concrete composition PZ-0899-01 and FA-1200-01 according to [Bro01].
PZ-0899-01 FA-1200-01
Constituent Content Content
kg/m³ kg/m³
Binder
CEM I 52,5 N 490 210
Fly ash 175 455
Silica fume 35 35
Admixtures
Superplasticizer 14 6
Aggregates
Siliceous fine sand 499 468
Sand 714 668
According to [Bra03] both concrete mixtures show an extremely dense structure, but, the FA-
1200-01 mixture offers a significantly coarser pore size distribution with pore radii > 0.1 µm
in comparison with the PZ-0899-01 mixture. The Young’s modulus has been determined in
compressive tests to be 35,000 N/mm² for the PZ-0899-01 and 24,800 N/mm² for the FA-
1200-01 mixture respectively [Bra02].
4.2.3 Specimen preparation – tensile test
Due to the fragility and brittleness of the filaments the specimen preparation requires a very
careful handling. A single filament is extracted from a strand and placed in the middle
between the upper and lower strip of a cardboard window. See Fig. 4.1 for illustration.
Filament
Used for the evaluation 
of the filament diameter 
by optical microscopy. 
CardboardGlue
Cut
Cut
10 mm
Fig. 4.1. Pre-arrangement for tensile and pull-out tests on filaments.
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The filament is fixed with adhesive and the cardboard window is folded in the center such that
the filament rests in the fold itself (Fig. 4.1). The cardboard allows an easy handling and
during testing the easy clamping of the filaments in the testing machine (Fig. 4.4). The
extending ends of the filament are cut off and used for a subsequent evaluation of the filament
diameter by optical microscopy.
4.2.4 Specimen preparation – pull-out test
For the preparation of the pull-out test specimens the same filament cardboard arrangement as
described above is placed in a mold consisting of a bottom layer of soft foam plastic, with a
slit in the center to allow for a central positioning (see Fig. 4.2).
Formwork
Slotted hole
Foam plastic
Fine grained
 concrete
L
Side view Front view
Fig. 4.2. Specimen preparation for a filament pull-out test.
Using a slotted hole, the outer formwork of the mold can be adjusted such, that different
embedded lengths L can be casted. For the presented test series embedded lengths between
1 mm ≤ L ≤ 2 mm are prepared. However, due to the viscous consistency of the concrete the
embedded length to be reached is under- or overfilled and hence the actual L needed for the
derivation of the BSR τ(s) with the cohesive interface model has to be determined for each
specimen separately immediately after testing.
The specimens are compacted after casting for 60 sec. on a V-B table with a vibration
amplitude of 0.5 mm and cured in the mold for 24 hours. The specimens are stored at 20°C
and 95% RH until testing at an age of 3 and 28 days respectively. Compared with the storage
conditions for the steel fiber pull-out test specimens, a higher humidity is chosen to prevent a
rapid drying of the specimens, which would certainly occur due to their small dimensions
(thickness of a few mm) in a dryer climate and hence alter the bonding characteristics.
4.2.5 Experiment sequences
In Table 4.4 the material combinations tested with regard to the filament type, matrix
composition, and storage condition are listed. All filaments extracted from the strand types
which are listed in Table 4.2 are tested in combination with the PZ-0899-01 composition at an
age of 3 days after 1 day curing in the mold and 2 further days storage at 20 °C and 95 % RH
(combinations C1 to C5). Additionally, filaments extracted from the 5-VET strand are tested
at a total specimen age of 28 days (1 day in the mold and 27 days at 20 °C and 95 % RH) in
combination with the PZ-0899-01 and FA-1200-01 mixture (combination C6 and C7
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respectively). The values in brackets in Table 4.4 refer to the number of replications carried
out for each test series.
Table 4.4. Experimental scheme for filament pull-out tests.
PZ-0899-01 FA-1200-01
Strand type Storage conditions
1 day mold +
2 days at 20 °C
and 95 % RH
1 day mold +
27 days at 20 °C
and 95 % RH
1 day mold +
27 days at 20 °C
and 95 % RH
1-NEG C1 (6)
2-NEG C2 (8)
3-NEG C3 (8)
4-VET C4 (8)
5-VET C5 (15) C6 (6) C7 (6)
4.3 Experimental methods
4.3.1 Tensile test
The tensile test is carried out on specimens which are prepared in accordance to chapter 4.2.3.
Using a high-resolution closed-loop DC-Mike by Physik Instrumente inc. featuring a
precision of 0.05 µm, the test is displacement controlled at a strain rate of 0.001 mm/mm/min
at 20 °C. Note that the testing length corresponds to approximately 10 mm; see Fig. 4.1.
Alligator crimps known from electrical engineering are used to clamp both ends of the
specimen, see Fig. 4.4. However, the applied pressure by this clamp is not supposed to
damage the filaments, and so lead to an early failure before the actual tensile strength is
reached. Thus the pressure on the filament itself must be minimized and as a result the
specimen might slip between the grips. To avoid such problems resulting unknowingly, a
video extensometer is introduced to gain information on the Young’s modulus EF and the
elastic strain εF (similar to chapter 3.3).
Markings
Identification window
Fig. 4.3. Markings of the filament for identification by the video extensometer for the tensile test.
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As mentioned before, this video-extensometer operates directly as a non-contact displacement
measurement device by determining the change in distance between two targets. In the
present case of the tensile test, two small droplets of white paint about 1/10 mm in diameter
and approximately 2 to 3 mm apart are cautiously placed on the filaments and used as targets;
see Fig. 4.3. The field of view during measuring is chosen to be 5 x 5 mm², and hence in the
present case the precision of measurements is determined as 0.25 µm. The effective distance
between the two targets is evaluated also with the help of the video extensometer, which is
calibrated before the tests by means of a calibration body. This is possible, if the focal point of
the optical system and hence the distance between the camera and the specimen stays the
same for the calibration and the measurement, and hence a new, unknown distance can be
calculated by rules of proportion.
Immediately before testing, the cardboard is cut (Fig. 4.4) and a pre-loading force is applied
up to about 0.05 N to straighten the filament and hence reduce the possibility of the video
extensometer losing its target because of an uncontrolled movement of the filament. Again the
relative displacement between the two targets is transferred into an analog voltage and
recorded simultaneously with the loaded force, measured by a miniature load cell (Sensotec,
measuring range 0.05 to 2.5 N) at a rate of one reading per second until filament failure. Thus
a force versus displacement relation P(ω) for a tensile test is determined.
F
F
Alligator crimp
F
Steel plate
Filament
Free length
LCut
Cut
Cut
Fig. 4.4. Loading of the specimens during tensile and pull-out tests.
4.3.2 Pull-out test
In order to examine the debonding and pull-out process of the filament, the pull-out specimen
described in chapter 4.2.4 is glued (X60) on its rear side to a steel block, such that the
extending part of the filament is placed through a slot in the steel plate (Fig. 4.4). The steel
block itself is fixed to the bench of the testing machine and the top end of the fiber is clamped
with an alligator crimp, leaving a free length of a couple of millimeters. The pull-out test is
again displacement controlled with a high-resolution closed-loop DC-Mike at a strain rate of
0.001 mm/mm/min at 20 °C. Two LVDTs are used to additionally measure the displacement
of the cross-head of the testing machine (Fig. 4.5). If this cross-head displacement is used to
gain information on the filament slip ω of the filament at the uppermost edge of the matrix at
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x = L which is needed for the evaluation of the BSR τ(s) with the cohesive interface model
(compare Fig. 2.10), the elastic strain contribution over the free length of the filament
between the clamping and the point of intersection with the matrix has to be subtracted.
However, unwanted displacements - e.g. due to a slipping in the clamping - may again be
mistakenly taken as introduced load, and falsify the results.
Thus, the relative displacement of the filament at the point of intersection with the matrix is
measured with the video extensometer, between a marking on the filament in form of a small
droplet of white paint about a tenth of a millimeter above the matrix and a second one on a
reference plate which is fixed to the top of the concrete specimen. Again a displacement
window of 5 x 5 mm² is chosen for the non contact measurement and the data is recorded at
one reading per second resulting in a force versus displacement relation P(ω) for a pull-out
test. The complete test set-up is illustrated in Fig. 4.5. Note that the cardboard and the
filament at the rear (Fig. 4.4) are cut before the actual testing, and the filament is pre-loaded,
in a similar way to the tensile test with a load of about 0.05 N. The actual embedded length L
(Fig. 4.4) is determined by the use of a digital sliding calliper after the pull-out test at a
metering precision of 0.05 mm right next to the embedded filament.
Load Cell
Filament
Matrix
Restraint
LVDT
Video -
extensiometer
DC-Mike Drive
Reference
plate
P
  ω
Fig. 4.5. Set-up for pull-out tests on filaments embedded in a cement based matrix.
4.3.3 Optical microscopy
A further important geometric parameter needed for the calculation of the Young’s modulus
EF and tensile strength ft of the filaments as well as for the analytical evaluation of the BSR
τ(s) is the cross-sectional area AF of the filament defined by the filament diameter d.
As the production process of an AR-glass roving - see chapter 4.1 - does not guarantee a
uniformity of the filament diameters even within a single strand, d has to be determined for
every single filament tested either in a tensile or in a pull-out test. Note that during the
preparation of the tensile as well as of the pull-out specimens, the end sections of the
filaments which extend beyond the cardboard (see Fig. 4.1) are used for the evaluation of d to
assure consistency between the diameter used for the analytical determination of τ(s) and the
filament diameter tested in the pull-out test. In this project optical microscopy in combination
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with a computer aided image analyzing system is chosen to gain information on d; see
Fig. 4.6.
20 mµ
Fig. 4.6. Determination of the filament diameter with optical microscopy.
However, this method carries a certain error potential. As shown in Fig. 4.6 the image of the
filament visualized is surrounded by an aurora and hence in many cases the diameter is not
exactly defined. This error sensitivity increases when the diameter of the filaments gets
relatively small, e.g. in the case of filaments extracted from the 1-NEG strand featuring a
diameter of about 14 µm. Since an accuracy of only 0.5 µm can be achieved this corresponds
to a possible error of 3.4 % for the 1-NEG filament.
4.4 Test results
4.4.1 Tensile tests on filaments
As an illustration, the evaluation procedure to determine the Young’s modulus EF and the
tensile strength ft of the filaments is demonstrated for one filament extracted from a 1-NEG
strand. The output from the tensile test is a load versus displacement relation P(ω) as shown
in the left hand side graph of Fig. 4.7.
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Fig. 4.7. Load versus displacement relation and stress versus strain relation for a 1-NEG filament
under tension.
Note, that P(ω) starts at a load level of 0.05 N because the filament is pre-loaded for reasons
listed in chapter 4.3.1. The corresponding diameter is determined by optical microscopy as
4 Bond between glass filaments and a cement based matrix56
d = 14.7 µm and the test length with the video extensometer as L = 3.03 mm. Using this
information a stress versus strain relation σ(ε) can be calculated as presented in the right hand
side graph of Fig. 4.7.
As has been expected, this relation is linear until failure. Hence with a simple least squares
method the slope and therefore the Young’s modulus is found. For the given experiment EF is
evaluated as about 65,000 N/mm² and the tensile strength as approximately ft = 2,062 N/mm².
However, these test results include a certain error accumulation. In this example the
maximum load occurs at a displacement of about 80 µm and the non contact displacement
measurement by the video extensometer has an accuracy of about 0.25 µm, which therefore
corresponds to an error of 0.32 % (see chapter 4.3.1). The inaccuracy of the measured testing
length may be assumed with 0.008 % as negligible, in contrast to a 3.4 % inaccuracy caused
by the determination of the filament diameter (see chapter 4.3.3). Thus, by rule of error
accumulation a total testing imprecision of 3.7 % for the presented filament type might be
assumed.
Each test series of a certain filament type contains a number of 20 tests. Only those tests
which neither have failed at the clamping nor at the paint markings are taken for a further
evaluation. For all following parameters a Gaussian distribution is assumed and checked with
the Kolmogorov-Smirnov Test. In all cases a high enough significance level is found not to
reject the hypothesis, which implies that the mean average values and the relative standard
deviations may be listed to represent the experimental data. Table 4.5 shows the average of
the determined tensile strengths and Young’s moduli for each filament type of Table 4.2 with
the corresponding relative standard deviation. Additionally, the average of the measured
filament diameters with the corresponding relative standard deviation as well as the particular
testing imprecision are listed.
Table 4.5. Experimental results of the tensile tests on filaments (see Table 4.2).
Number of
specimens
analysed
Tensile strength
ft
Young’s modulus
EF
Filament diameter
da
Testing
imprecision
at ft
Average r. d. 1 Average r. d. 1 Average r. d. 1
- N/mm² % N/mm² % µm % %
1-NEG 8 1961 4.4 66,881 7.8 14.4 7.1 3.8
2-NEG 10 1644 13.9 70,419 4.7 17.9 5.9 3.4
3-NEG 6 1321 13.4 67,721 7.6 26.6 4.8 2.5
4-VET 8 1582 18.9 67,860 14.3 13.2 6.5 4.6
5-VET 8 1473 20.3 53,336 31.5 28.8 3.6 2.4
1 r. d. = relative standard deviation
A comparison shows that only filament type 1-NEG shows a standard derivation variability
for the tensile strength of smaller than 10%. Tests on E-glass filaments showed [Zin99], that
sample sizes of about 35 – 40 are necessary to achieve constant values of average tensile
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strengths and corresponding relative standard deviations. However, these standard deviations
are of the same magnitude as evaluated in the present study.
In principle the findings listed in Table 4.5 are in fair agreement with the results given by the
manufacturer (Table 4.2). The observed discrepancies between the material strength of the 4-
VET and 5-VET strands which have been specified both by Vetrotex Saint-Gobain and
evaluated during this thesis, perhaps are caused by the different implied loading rates during
the test. Whereas Vetrotex carries out tensile tests at a rate of around 0.1 to 4.0 mm/mm/min
the chosen loading rate in this study is 0.001 mm/mm/min to ensure conformance between
tensile and pull-out tests.
However, one exception is the filament extracted from the 5-VET strand. The Young’s
modulus found in the experiment and subsequent analysis is far below the expected value of
about 68,000 – 73,000 N/mm² for AR glass. This may have a simple reason: according to
Vetrotex Saint-Gobain the filament diameter of the filaments are supposed to be in a range of
26 ± 1.5 µm. But as Table 4.5 column 5 shows that the values determined in this study are
about 28.8 µm. This may be caused by the size applied during the production process. This
additional layer certainly does not contribute to the loading and is taken wrongly as extra
filament area; compare chapter 4.2.1. On the filaments extracted from all other strands only
one third of that quantity of size has been found [Hof01]. Hence similar effects but in a much
smaller scale may exist for these filament types as well. Nevertheless, the Young’s moduli are
adopted as determined and presented in Table 4.5.
4.4.2 Pull-out tests on filaments
To maintain clarity in the following diagrams, which specify the results of the pull-out tests
carried out according to the experimental scheme listed in Table 4.4, only 3 representative
load versus displacement relations are given. Note that the corresponding embedded length L
and diameter d for each performed test are also presented in the diagram. Note further that due
to these differences in embedded length and filament diameter the listed load versus
displacement curves cannot be compared directly. As explained before, the irregularities in
the embedded length are a consequence of the casting process and the varieties in the filament
diameter are caused by the manufacturing process of the strand. Additionally the average
maximum tensile loads and the corresponding standard deviations which have been calculated
on the basis of the average tensile strengths (Table 4.5, columns 3, 4) and the average
diameters (Table 4.5, columns 7, 8) of the tested types of filaments are presented in the
diagrams as a failure range (gray shaded area). Similar to the previous chapter 3.4 the
simulated P(ω) relations are plotted as symbols in each diagram as well. As will be explained
in chapter 4.5, these simulated load versus displacement curves are based on a BSR τ(s)
evaluated with the help of the previously proposed cohesive interface model.
Fig. 4.8 shows three load versus displacement relations P(ω) determined for combination C1
(1-NEG filament / PZ-0899-01 matrix, 3 days age at testing). Analogous to the steel fiber
pull-out test results in chapter 3.4 it may be stated that all of the presented P(ω) curves show
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the trend generally found in pull-out tests: An increasing although nonlinear part, followed by
a decreasing softening branch and finally by a “fade out” controlled by friction. During this
“fade out” the filaments are pulled through the matrix and hence the frictional bond resistance
stays about constant although some minor changes can be detected, possibly on account of
abrasion affects.
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Fig. 4.8. Load versus active fiber end displacement diagram P(ω) for 1-NEG filaments of different
filament diameters and embedded lengths (see legend), combination C1 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.15. Testing
age is 3 days.
Note that the embedded lengths L of the tests are 1.4 to 1.5 mm which is only about three
times the maximum grain size of the fine-grained concrete. However, as can be seen in
Fig. 4.9, the bond between a filament of type 2-NEG and the PZ-0899-01 matrix (concrete
age 3 days) is already good enough to transfer a force (Table 4.5) within the given embedded
length into the surrounding concrete which corresponds to its tensile strength.
Consequently, this diagram shows only the increasing part of the pull-out process, until the
tensile strength of the filament is reached and tensile failure occurs. For the listed pull-out
tests the failure loads of the 2-NEG filaments are in the lower part of the failure range
calculated on the basis of the results of the previously listed tensile tests. A possible
explanation might be the lateral pressure on the filaments by the surrounding fine-grained
concrete which additionally stresses the material and thus leads to a reduced strength.
Furthermore, possible notches on the outside of the filaments in combination with intruded
hydration products of the cement paste may lead to a reduced tensile strength.
Two of the presented 3-NEG filaments (Fig. 4.10) and all listed 4-VET filaments (Fig. 4.11)
break because their tensile strength is reached during the pull-out test at a specimen age of
three days, and hence no shear bond failure can occur. Only one 3-NEG filament is actually
pulled out of the matrix.
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Fig. 4.9. Load versus active fiber end displacement diagram P(ω) for 2-NEG filaments of different
filament diameters and embedded lengths (see legend), combination C2 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.16. Testing
age is 3 days.
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Fig. 4.10. Load versus active fiber end displacement diagram P(ω) for 3-NEG filaments of different
filament diameters and embedded lengths (see legend), combination C3 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.17. Testing
age is 3 days.
A totally different response is observed, if a 5-VET filament is pulled out of the PZ-0899-
01 matrix after 3 days; see Fig. 4.12. In contrast to all other test results which have been
presented so far, no adhesional bond seems to develop between the filament and the
surrounding matrix, and hence the pull-out behavior is predominated only by frictional bond
which results in the presented steady-going and constant P(ω) distribution.
One aspect not considered in the results presented so far is that the bonding characteristics
may change over time because of e.g. the ongoing formation of hydration products in the
interphase between filament and matrix. For steel fiber matrix systems this has been observed
up to an age of 28 days; hereafter the BSR is found to be time independent.
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Fig. 4.11. Load versus active fiber end displacement diagram P(ω) for 4-VET filaments of different
filament diameters and embedded lengths (see legend), combination C4 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.18. Testing
age is 3 days.
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Fig. 4.12. Load versus active fiber end displacement diagram P(ω) for 5-VET filaments of different
filament diameters and embedded lengths (see legend), combination C5 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.19. Testing
age is 3 days.
To investigate possible changes in the BSR τ(s) as a result of a changing microstructure in the
transition zone, the same filament type 5-VET is also examined in combination with the PZ-
0899-01 mixture at a specimen age of 28 days; 1 day curing in the mold and 27 days storage
at 20°C and 95 % RH. The results are presented in the familiar form in Fig. 4.13. That which
is later confirmed by the determination of the underlying BSR τ(s) can already be anticipated
by a comparison of the tests results presented in Fig. 4.12 and Fig. 4.13, which refer to the
P(ω) relationships of 5-VET filaments pulled out of a PZ-0899-01 matrix at 3 and 28 days
respectively: The bond characteristics for this combination do not change within this time
period and presumably not thereafter.
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Fig. 4.13. Load versus active fiber end displacement diagram P(ω) for 5-VET filaments of different
filament diameters and embedded lengths (see legend), combination C6 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.20. Testing
age is 28 days.
Fig. 4.14 shows the output of 3 pull-out tests on a 5-VET filament / FA-1200-01 matrix
system after 28 days of storage (combination C7 in Table 4.4). The determined steady-going
and constant P(ω) distributions as well as a comparison with the results of combination C6
(Fig. 4.13) indicate that the pull-out behavior is predominated by a frictional bond, and that
the general bonding characteristics of these two combinations are probably very similar.
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Fig. 4.14. Load versus active fiber end displacement diagram P(ω) for 5-VET filaments of different
filament diameters and embedded lengths (see legend), combination C7 Table 4.4;
Experiment (lines) and simulation (dots) based on BSR τ(s) stated in Fig. 4.20. Testing
age is 28 days.
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4.5 Bond stress versus slip relations τ(s)
To analyze the afore listed pull-out test results and thus allow a comparison of the different
responses, the underlying BSR τ(s) has to be determined for each evaluated P(ω) relation, and
a best fit for all experimental results for a given filament / matrix combination has to be
found. The procedure which is used to derive this bond stress versus slip distribution is
identical to that which has been described before for the steel fiber pull-out tests; hence
chapter 3.5 should be referred to for details.
The BSR τ(s) evaluated for a 1-NEG filament / PZ-0899-01 concrete system is shown in
Fig. 4.15. The corresponding pull-out tests can be found in Fig. 4.8. Note that the average
Young’s modulus of 66,881 N/mm² (Table 4.5) and the individually evaluated filament
diameters of the tested filaments as well as the measured embedded lengths are used during
the derivation. Adopting this BSR the pull-out response of the 1-NEG filaments for the given
filament diameters d and embedded lengths L can be simulated. These simulations are
presented in Fig. 4.8 and are indicated by different shaped symbols in the diagram.
The progressions of the P(ω) relations of the combinations d = 16.7 / L = 1.4 and
d = 13.0 / L = 1.5 are well simulated. However, the response for the combination
d = 13.7 / L = 1.5 is overestimated. This may be due to the fact that pores or voids influence
the contact area between the filament and the surrounding matrix. Similar stochastic size
effects have been observed for the steel fiber / cement based matrix system for small fiber
diameters (chapter 3.6).
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Fig. 4.15. Evaluated bond stress versus slip relation τ(s) for the material combination 1-NEG
filament / fine-grained concrete (PZ-0899-01); combination C1 Table 4.4. Bond
conditions after 3 days.
In a similar procedure the underlying BSR τ(s) is evaluated for the 2-NEG / PZ-0899-01
combination and presented in Fig. 4.16. The associated pull-out tests are presented in Fig. 4.9.
Due to the fact that the pull-out process could only be recorded in the increasing part of the
P(ω) relationship until the filaments reached their tensile strength, the corresponding and
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underlying BSR τ(s) could only be directly evaluated as far as i = 4 (see table in Fig. 4.16,
row 4). The remaining progression is adapted from the BSR evaluated for combination C1.
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2-NEG / PZ-0899-01 / 3 days
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1 0 0
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3 0.0015 5.8
4 0.006 4.1
5 0.013 3.5
6 0.025 3.0
7 0.080 2.3
8 0.125 2.1
9 0.180 2.1
10 0.300 2.1
Fig. 4.16. Evaluated bond stress versus slip relation τ(s) for the material combination 2-NEG
filament / fine-grained concrete (PZ-0899-01); combination C2 Table 4.4. Bond
conditions after 3 days.
The simulated pull-out responses for the different listed fiber diameters d and embedded
lengths L are based on the BSR derived earlier. They are indicated again by different shaped
symbols and listed together with the corresponding experimental P(ω) relations (see Fig. 4.9).
In the presented cases the simulations fit the experiments quite well although only the
increasing parts of the P(ω) relations are experimentally recorded.
Evaluating the underlying BSR for combination C3 (3-NEG / PZ-0899-01) reveals the same
relationship as that deduced for the 2-NEG filament / PZ-0899-01 system (Fig. 4.17). The
simulations based on this τ(s) relation are again introduced as differently shaped symbols in
the experimental P(ω) diagram presented in Fig. 4.10. In general a good consistency with the
experimental results is found.
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Fig. 4.17. Evaluated bond stress versus slip relation τ(s) for the material combination 3-NEG
filament / fine-grained concrete (PZ-0899-01); combination C3 Table 4.4. Bond
conditions after 3 days.
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So far all evaluated BSR τ(s) refer to filaments which were sized right after the drawing
process. Hence, the evaluated bond characteristics are possibly influenced by this additional
film on the glass surface. On the 4-VET filament however no size has been applied and thus
the derived bond stress versus slip relation pertains to a “pure” AR-glass / cement based
matrix bond. Fig. 4.18 shows the derived τ(s) relation for combination C4 (4-VET filament
and PZ-0899-01 matrix). Unfortunately, only the ascending branch of the P(ω) relations could
be experimentally recorded again because the tensile strength of the filaments was reached
before a bond failure could occur. Thus the BSR stated in Fig. 4.18 could only be directly
evaluated as far as i = 4. Nevertheless, the maximum bond strength τcr (i = 3) could be
determined. The residual part of the BSR is again adapted from the τ(s) relationships which
have been evaluated for the afore stated combinations which might be an admissible
assumption, in this case, due to the similarity of both determined initial parts of τ(s) (compare
Fig. 4.17 and Fig. 4.18). The simulations based on this BSR can be found in Fig. 4.11 which
generally again show a good consistency with the experimental results.
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Fig. 4.18. Evaluated bond stress versus slip relation τ(s) for the material combination 4-VET
filament / fine-grained concrete (PZ-0899-01); combination C4 Table 4.4. Bond
conditions after 3 days.
The assumption of the bond between a 5-VET filament and a fine-grained concrete PZ-0899-
01 lacking adhesion after 3 days of hardening is true, if the underlying BSR τ(s) is evaluated
with the help of the cohesive interface model; see Fig. 4.19.
The resulting bond stress τ is almost independent of the slip s. This indicates the formation of
a constant frictional bond between the filament and the matrix. The simulated P(ω) response
based on this BSR is again presented by different shaped symbols in Fig. 4.12. The
simulations show a good agreement with the experimental results for all 3 of the tested
filament diameter and embedded length combinations.
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Fig. 4.19. Evaluated bond stress versus slip relation τ(s) for the material combination 5-VET
filament / fine-grained concrete (PZ-0899-01); combination C5 and C6 Table 4.4. Bond
conditions determined at 3 and 28 days respectively.
An identical BSR τ(s) is found for the material combination C6 (Fig. 4.19). This demonstrates
the time independent behavior of the bonding characteristics at least for the investigated
period and material combination. The simulations based on the proposed BSR and those
presented in Fig. 4.13 show a good consistency with the experimental results.
The principal bonding characteristics of the two material combinations C6 and C7, for both,
the 5-VET filament / PZ-0899-01 concrete system and the 5-VET filament / FA-1200-01
concrete system, are also very similar at a testing age of 28 days (compare Fig. 4.19 and
Fig. 4.20).
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Fig. 4.20. Evaluated bond stress versus slip relation τ(s) for the material combination 5-VET
filament / fine-grained concrete (FA-1200-01); combination C7 Table 4.4. Bond
conditions after 28 days.
These two graphs (Fig. 4.19 and Fig. 4.20) show that no adhesional bond is developing and
thus the interfacial properties are predominated by friction. The frictional bond between 5-
VET filament and FA-1200-01 matrix is about 15 % lower compared with the frictional bond
between 5-VET filament and PZ-0899-01 matrix.
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4.6 Discussion
The pull-out tests on filaments presented above which have been extracted from glass strands
and embedded in a fine-grained concrete, as well as the subsequent analysis with the cohesive
interface model to evaluate the underlying BSR τ(s), are carried out in this study for the first
time.
However, the experimental results and the corresponding bonding characteristics indicate that
the proposed algorithm is suitable for determining the interfacial properties of different
combinations of filaments and cement based matrices. The scatter in the pull-out test results
presumably reflects the difficulty in preparing reproducible specimens because, for example,
the handling of fragile filaments with small diameters is quite complicated and concrete is an
inhomogeneous material, rather than the inaccuracy of the test and evaluation methods
themselves.
In contrast to the outputs of the pull-out tests carried out on steel fiber / fine-grained concrete
combinations (chapter 3.4) where only geometric parameters such as fiber diameters and
embedded lengths were changed and an average BSR τ(s) was found valid for all
combinations, the tested glass filaments, which are produced by 2 different manufactures,
differ additionally in the type and amount of the size. See also chapter 4.2.1.
As mentioned before, the composition of the size is not published as it is a carefully kept
secret of each manufacturer. However, the main component of the 3-NEG strand size was
found to be polyethylenglycol [Hof01] which is water soluble and hence probably dissolves
during the casting process of a single extracted filament in a cement based matrix. This is
backed up by the fact that an identical BSR to that for the 3-NEG filament is identified for the
4-VET filament, which has been prepared without any size; although only the increasing part
and the first point of the softening branch of this BSR could be identified for certain, since the
filaments reached their tensile strength before a pull-out and thus bond failure could occur.
Additionally the underlying BSR for the combination 2-NEG filaments and PZ-0899-01
matrix was also found to be alike to those for the above mentioned 2 filament types even
though it is known that the type of size is subject to change between production charges and
different strand types of the same year.
The τ(s) relationship referring to the bond between a 1-NEG filament and the PZ-0899-01
matrix is similar although not identical to those corresponding to the 3 filament types
mentioned above. The main difference is the maximum bond strength τcr reached, which is
significantly lower for the filament of the lower tex strand. Whether this is caused by the
smaller diameter and resulting statistical size effects or by a different size used during the
production process of the strand could not be verified within the scope of this study.
An entirely different pull-out behavior is found for the 5-VET filaments embedded in a PZ-
0899-01 matrix and stored under identical conditions (combination C5). This is likely to be
due to an application of a silane type chemical “coupling agent” in the production process of
the strands which is not water-soluble. This additional relatively thick layer (see
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chapter 4.2.1) between the glass surface and the cement based matrix and the fact that the
applied size swells if placed in contact with water might prevent the formation of an adhesion
bond.
Additional investigations on the time dependent behavior of the interfacial properties show
that the determined BSR does not change between 3 and 28 days. This is in contrast to
findings for steel fiber / cementitious matrix combinations, where the bonding characteristics
are influenced by the formation of additional hydration products up to an age of 28 days and
only thereafter are found to be time independent. Whether this is due to the applied size
whose material properties presumably do not change over time and which causes the
composite to fail in this additional layer, or due to other effects could not be investigated
within the framework of this study. However, it may be stated here, that the filaments pulled
out did not show any residual cement fractions on their surface. They appeared to have failed
not actually in the interphase or transition zone of the matrix as proposed by many authors but
actually in the interface, or the size layer.
A comparison between the BSR for different combinations of fiber and matrix, e.g. steel
fiber / PZ-0899-01 (chapter 3.5) and 4-VET / PZ-0899-01, shows, that the adhesion bond
between steel and concrete is weaker than between AR-glass and concrete. In the present case
the maximum bond strength between steel and concrete is found to be τcr = 2.4 N/mm²
whereas between AR-glass and concrete it is τcr = 5.8 N/mm². Under the assumption of a
constant shear stress distribution over the embedded length L, [Vek68] evaluated a maximum
bond strength of τcr = 6.38 N/mm² for an unsized E-glass filament of 500 µm diameter
embedded in a Portland cement paste with a water / cement ratio of 0.3. Although the matrix
and filament composition is different, the magnitude of the bond strength is very similar.
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Fig. 4.21. BSR τ(s) determined for a steel fiber / fine-grained concrete system, a 4-VET / PZ-8099-
01 system and a 5- VET / PZ-8099-01 system.
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However, if a non water-soluble silane based size is applied on the filaments investigated (5-
VET), the adhesion bond is broken but the frictional bond is found stronger in comparison
with the steel fiber / cementitious matrix system.
A further aspect which has to be considered if the bond between AR glass filaments and a
fine-grained concrete matrix is concerned might be the stochastic size effects which were
introduced and explained in detail for a steel fibers / cement based matrix systems in
chapter 3.6.
The variations of the pull-out test results which have been observed in the previous chapters
are presumably caused by the randomly distributed void, pore and grain distribution in the
filament pull-out specimens. Remember that the average embedded length of 1.5 mm in the
presented test series is only about 2.5 times the maximum grain size of the matrix. As a result
any adjacent pores and grains in the transition zone between filament and matrix may have a
lasting effect on the bonding characteristics determined during the pull-out tests and the
subsequent analytical derivation of the BSR τ(s) because the reduced contact area is not
considered in the evaluation. To account for this effect in the model, the random distribution
of these voids, imperfections, grains and pores in the matrix and explicitly in the transition
zone has to be ascertained for each pull-out test individually, which is a complex and
expensive task. See chapter 3.6.
4.7 Summary
By using an enhanced single filament pull-out test, which allows the straightforward
evaluation of P(ω) relations, and the application of the cohesive interface model in form of the
inverse boundary value problem, average bond stress versus slip relationships τ(s) are derived
(Table 4.4) for different filament / fine-grained concrete combinations which define the bond
of the composite at an age of 3 and 28 days. The determined BSR’s are in turn used to
simulate the experimental response of filaments, and a good agreement for the majority of the
tested combinations is found. Hence experimental tests and analytical as well as numerical
tools to determine and evaluate the principal bonding characteristics and mechanisms
(chapters 2 and 3) between a filament and a surrounding cement based matrix have been
elaborated (sub-problem I, chapter 1).
It is confirmed from this study that the size applied on the strand during the production
process considerably influences the quality of the bond. This size can lead to a significant
degradation of the interfacial properties, if it prevents the formation of an adhesional bond
between the glass surface of the filament and the surrounding cementitious matrix.
One of the questions which has been not considered in this work is whether or not, for
example, the interfacial properties are unique to an individual fine-grained concrete type, and
hence also dependent on for eample the grain-size distribution, the water / binder ratio, the
cement type, the curing conditions and so on. This is a possible field for further investigation
and study.
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CHAPTER 5
BOND BETWEEN GLASS STRANDS AND A CEMENT BASED
MATRIX
In the previous chapter 4 the principal bonding characteristics between individual AR-glass
filaments and different cementitious matrices under varying storage conditions were evaluated
and expressed by bond versus slip relations. Although the bond of a strand in a cementitious
matrix is certainly predominated by the bond properties between filaments and matrix, more
detailed information is needed to evaluate the failure mechanisms of such a complex system
under a pull-out load and hence to allow an analytical and numerical simulation of this
composite. Thus, in this chapter different innovative test methods are developed and used to
identify the debonding process of a strand as a result of the pull-out process and ascertain the
contact faces between the individual filaments and the matrix (sub-problem II, chapter 1).
Additionally, numerical procedures are proposed which use the findings to allow, for the first
time, a direct relationship between the load history of a pull-out test, to the failure process of
an AR-glass strand, by means of a mathematical function (sub-problem III, chapter 1); the so-
called active filament versus displacement relation NF(Ω). Together with the load versus
displacement relationship P(Ω) also derived during the pull-out test and the results of
chapter 4, an analytical characterization and simulation of the bond between an AR-glass
strand and a cement based matrix will be achieved in chapter 7.
5.1 Introduction
Various mechanical tests exist today to determine the parameters of interfacial action and thus
the principal bonding mechanisms between an AR-glass strand and a cementitious matrix.
Nevertheless, no standard method has as yet been recommended or set for the determination
of these parameters, although all these tests can generally be classified in two major groups.
The first group (I) involves one sided pull-out tests (e.g. [Bar82]) where the embedded strand
is pulled out off the specimen against a restraint while recording the introduced displacement
and load P(Ω) and the second group concerns (II) double sided pull-out tests (e.g. [Maj74])
where an artificial crack bridged by one or more strands is produced in the specimen by
dividers and the crack extension w is recorded together with the load P applied at the faces of
the cast concrete blocks.
In recent years both tests have been used, modified and enhanced by different researchers to
study the pull-out response of strands. The double sided and the one sided test set-up show
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advantages and disadvantages with regard to the quality of the information gained from the
experimental results, i.e. either the load versus crack extension relation P(w) or the load
versus cross head displacement relation P(Ω).
If the outputs of the double sided pull-out test are evaluated, it has to be understood that
during the debonding stage and in the case of a high frictional bond or mechanical anchorage,
the obtained displacement is a result of the extensions on both sides of the specimen. In such a
case the recorded pull-out curve would depend on displacements that are mixed from each
side of the specimen during the initial part of the curve and influenced by the failure of
individual filaments on both sides. Certainly this test set up is closer to the processes
occurring in a real structure where a crack is bridged by a reinforcing element, but for
research purposes one needs a defined failure process. Therefore it may be not reasonable.
The one sided pull-out test on the other hand implies some uncertainties as well. Many of the
one sided pull-out tests carried out so far (among others [Bar82, Pel00]) include a free length
between the point of embedment and the load introduction. Hence, elastic strain energy is
stored during the pull-out test in the system, which results in a modified failure process.
Additionally it has to be ensured that at the point of load introduction every single filament is
clamped and no slip occurs.
Under consideration of the above stated aspects the one sided pull-out test is chosen and
modified in this study in order to gain information on the pull-out response P(Ω) which is
needed as one main input parameter for the analytical modeling of the composite which will
subsequently be carried out. However, the determined P(Ω) relationship is not sufficient to
characterize the actual failure process of the strand / cement based matrix system and
therefore other experimental techniques are introduced within this study to identify the onset
and subsequent stages of failure of the reinforcing filaments.
Unfortunately many of the methods which have been proposed in recent studies to investigate
the failure of composite materials are not applicable in this study for numerous reasons. On
the one hand most of the introduced techniques do not offer the ability to visualize the exact
location of a filament failure or debonding process because of an inadequate resolution, for
example acoustic emission analysis [Gro94], the Impact-Echo technique, or the air-coupled
ultrasound method [Pre02]. On the other hand other methods are not practical for an online
testing, for example lock-in-thermography, vibration- and modal analysis [Ebe99, Pre02] or
laser scanning microscopy (LSM). Thus no functional relationship between the load history
and the failure process of the composite can be established. However, the idea of the latter
technique is exploited in this study to determine the final filament slippage at the rear of the
specimen and thus gain information on the plastic strain of the filaments at the end of the pull-
out test.
In 2001 [Tof01] and [Pra01] came up with the idea to monitor the electrical continuity and
resistance of electrically conductive coated glass filaments online during tensional tests. The
results showed that a straight forward relationship between the increasing resistance and the
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number of filaments failing under tension exists. Unfortunately this test can only be
performed on fibers which are electroconductive or have been coated with an electrically
conductive layer. However, such a coating does change the bonding properties and
consequently the pull-out response of the composite, and thus this technique is not applied in
this study.
Although electrical conductivity has been eliminated there exists another property of glass
filaments which may be used for online measuring: that is they transfer light. This feature has
recently been used to build fiber optic strain sensors [Hab00]. During this project a new
technique is introduced, which uses these light transmission properties to set up a test scheme,
to allow an online measurement of the failure mechanisms occurring during a strand pull-out.
Because this test investigates the failure mechanisms of a strand by light transmission, it is
called the FILT test (Failure Investigation using Light Transmission properties). On the basis
of these test results an active filament versus displacement relationship NF(Ω) can be derived,
which allows a straightforward relation between the load history of a pull-out test P(Ω) and
the failure process of an AR-glass strand to be established.
To gain some additional information on the structural features of an AR-glass strand / cement
based matrix system, scanning electron microscopy (SEM) is applied in this study. However,
these investigations are only used to back up certain assumptions or complete the findings
from the FILT test and LSM analysis. A more detailed quantitative description of the
microstructure of the composite is introduced later on in chapter 6.
5.2 Materials composition and specimen preparation
5.2.1 AR-glass strands
The pull-out tests listed in the following are performed with Vetrotech Saint-Gobain 2400 tex
alkali resistant glass rovings produced in 2001 (5-VET, see chapter 4.2.1). The strands tested
are taken straight from the spool and caution is paid not to contaminate the filaments with
dust or later on with formwork release oil. The cross-sectional area of the strands can be
calculated to be 0.889 mm². Using the average diameter determined in chapter 4.4.1 and listed
in Table 4.5 the number of filaments per strand NF,m can be calculated to be approximately
1400.
5.2.2 Fine-grained concrete
All pullout tests are carried out using the previously introduced PZ-0899-01 matrix (see
chapter 4.2.2 and Table 4.3).
5.2.3 Specimen preparation – pull-out test
For specimen preparation the glass strand is firstly placed in a polymer plastic mold
(Rhodorsil RTV V-340) and cast in epoxy resin over a length of 30 mm and a cross-sectional
area of 2mm1010 ⋅  centric. This block offers high protection for the fragile filaments against
an early and uncontrolled failure caused by clamping later on in the pull-out test. Care must
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be taken that, due to capillary effects, the resin does not penetrate the strand over a greater
length. This epoxy resin block is used in the following pull-out tests for load introduction and
guarantees the same introduced displacement on all individual filaments of the strand. In SEM
investigations the uniform penetration of the epoxy resin into the interior of the strand was
verified.
Strand embedded 
in epoxy resin block
Fine-grained concrete
50 mm
50 mm
10 mm
30 mm
L
Fig. 5.1. Specimen for the one sided strand pull-out test.
The strand is then cast in a fine-grained concrete matrix. The dimensions of the specimens are
2mmL5050 ⋅⋅  with L being the embedded length of the strand. L is chosen for the presented
tests to be 30 mm (Fig. 5.1). The strand is situated horizontally in the mold and extends on the
rear side about by 30 mm through a hole which is sealed with silicon paste before casting. A
slight pre-stress is applied to align the strand. On the front side the concrete is casted straight
against the epoxy block which itself is placed in a cut-out of the mold. Hence a zero free
length of the strand is accomplished. After casting, the specimens are compacted for 60
seconds on a V-B table with a vibration amplitude of 0.5 mm and cured in the mold for 24
hours. After demolding the extending filaments on the rear side of the concrete block are cut
off. The specimens are stored at 20°C and 95% RH until testing at a total age of 28 days.
5.2.4 Experimental sequences
Only one material combination is closely investigated with regard to the pull-out response and
failure mechanisms because the testing procedure introduced below is rather complex. A 5-
VET strand / PZ-0899-01 fine-grained concrete system is chosen as this combination builds
the so-called “backbone” in the collaborative research center SFB 532 (series 12); that is most
of the chemical investigations, structural experiments and numerical analyses are carried out
on this combination in the relevant projects. All tests are carried out on one series with three
replications; specimens A to D.
5.2.5 Testing procedure
In order to examine the complex failure mechanism of a strand / cement based matrix
composite, the pull-out and FILT tests as well as the investigations by LSM and SEM are
utilized as outlined in the following testing procedure (Table 5.1).
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Table 5.1. Testing Procedure.
Step Time Specification Results
d
1 0 Sample preparation
2 1 Demolding
3 ≈ 27 LSM Profile contour I
4 28 Pull-out test in combination
with FILT test
Load versus displacement curve, failure
mechanism of strand
5 ≈ 29 LSM Profile contour II → slip of filaments
6 ≈ 40 SEM Information on penetrated concrete
5.3 Experimental methods
5.3.1 The pull-out test
The pull-out tests are carried out using a universal testing machine (Instron 5566) at a
displacement rate of 0.1 mm/min at 20 °C until a maximum displacement of about 1.7 mm is
reached. The specimen is mounted in the machine such that the epoxy resin block is placed
through a cut-out of a steel plate and then clamped in a mechanical grip fixed to the cross
head of the machine. The steel plate itself is fixed by a frame to the bench of the testing
machine. All of this creates a set up of the pull-push test, i.e. the strand is pulled out of the
matrix against a restraint. For illustration see Fig. 5.2. The pull-out loads and the cross head
displacements are recorded every 2 N change in force resulting in a load versus displacement
relationship P(Ω). A capital Ω is chosen to refer to the strand end displacements in contrast to
the small letter ω for the single fiber or filament end displacements.
123
Load cell
Strand
Matrix
Steel plate
Digital camera
P
ω
Epoxy resin
Light source P, Ω
Fig. 5.2. Test set-up for a pull-out test on a strand.
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5.3.2 The FILT test
During the actual pull-out test the specimen is additionally exposed by an artificial light
source from the front via the epoxy resin block as sketched in Fig. 5.2. If a small charge-
coupled device camera (CCD-camera) and a zoom lens is used, the strand can be
distinguished on the rear of the specimen from the surrounding matrix due to its exposure and
therefore bright appearance (on the left hand side of Fig. 5.3 and Fig. 5.4). After a tensile
failure a filament is no longer capable of transferring light, and therefore the bright
appearance vanishes for the next load step in the next image.
A) B)
Fig. 5.3. A) Digital image of 5-VET strand.
B) Binarized image of the detected filaments using a numerical image analyzing routine.
If a numerical image analyzing routine developed by “ECM Datensysteme Ltd” according to
the needs is applied during this study, the optical image of the CCD-camera presented in
Fig. 5.3 (A) can be analyzed and converted in a binarized image (black and white pixels) as
shown in Fig. 5.3 (B). Possible changes of lighting conditions can be eliminated if a manual
fine adjustment of a threshold value is carried out. Depending on the chosen resolution and
the zoom lens used it is possible to visualize every single filament. For illustration see
Fig. 5.4 (A) and (B). However, care must be taken that the complete strand is recorded during
the test.
A) B)
Fig. 5.4. Enlargement of Fig. 5.3 (A) and (B):
A) Digital image of the strand.
B) Binarized image of the detected filaments using a numerical image analyzing routine.
In the same way as the recording of the loads and cross head displacements, the images of the
detected filaments are saved every 2 N change of force which means the FILT test provides
binarized images of the detected and thus intact filaments at the same point of time at which
the force and the displacement of the pull-out test are recorded. In combination with the
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recorded force displacement curves it is therefore possible to determine the principal failure
mechanism of a strand / matrix system under a pull-out load.
A numerical computer aided procedure has been developed, which allows the evaluation of
the binarized FILT images with regard to the number of white pixels the image contains
[Kob03]. By using this computer routine it is possible to plot the number of pixels recorded
versus the corresponding loads, and displacements from the pull-out test respectively.
Since only an optical image of the CCD-camera visualizing the filaments is analyzed and
converted in a binarized image outlining the filaments as white pixels (Fig. 5.3), the number
of these identified pixels can simply be directly related to the cross-sectional area of the strand
and thus to the number of filaments in a strand. Therefore the number of filaments NF which
have not failed can be plotted versus the corresponding loads or displacements respectively
applied during the pull-out test. To do so, the number of pixels NP, m recorded at the beginning
of the test are correlated to the total cross-sectional area of the tested strand AS by a
proportional factor C2 as given in the following:
3
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TEX corresponds to the linear weight or tex count in g/km of the strand and ρG is the density
of the AR glass in g/cm³. Note that the proportional factor C² is the only unknown parameter
and thus can be determined from Eq. (5.1).
As the average filament diameter da is known (Table 4.5), the correlation between recorded
pixels NP at each load step and filaments which are still active NF is given by
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Thus a straightforward relationship is given between the load history of a pull-out test P(Ω)
and the failure process of an AR-glass strand NF(Ω) which can be used as a main input
parameter in the subsequent analytical model to simulate the pull-out process of a strand out
off a cementitious matrix.
As a supplementary evaluation process, the binarized image of each load step is analyzed with
regard to the number of white pixels NP, C in contact with surrounding black pixels, and hence
the contact perimeter UC of the load carrying filaments with the surrounding layer can be
determined. Similar to the above described procedure the width and height of a pixel can be
correlated to a real length by using the proportional parameter C which is evaluated
beforehand. This contact perimeter UC can be plotted against the applied displacement,
resulting in an active contact perimeter versus displacement relation UC(Ω). However, since
the computer routine only differentiates between white and black pixels, but cannot
distinguish whether the black pixel refers to the matrix, voids or already failed filaments, the
contact perimeter UC can be seen only as a qualitative and not as a quantitative parameter.
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5.3.3 Laser scanning microscopy (LSM)
LSM is mainly used in the area of biology and medicine for the measurement of cells or for
DNA analysis. Nowadays LSM also has an increasing application for the evaluation of
technical surfaces. Based on the principle of confocal microscopy [Lic94] individual, very
sharp, bright and high-contrast profile contour images can be taken from samples by LSM.
Similar to tomography individual sections are reconstructed to a true scaled and three-
dimensional model of the sample surface. With the help of a high peak algorithm an image
can be created, in which the shadings correspond to the topography of the surface of the
specimen.
However, this testing technique allows no online measurements and is hence adopted in this
test series only for a comparison of the untested and tested state, i.e. a contour profile image
of the filaments is taken on the rear side of the specimen before and after the pull-out test. A
marking on the specimen and a fixed restraint guarantees that neither a twist nor a horizontal
shift of the specimen takes place during the test and therefore the position of the specimen is
identical during the taking of the two contour profiles. However, very small discrepancies in
the positions, especially rotations, may cause difficulties when both images are superimposed
for the numerical subtraction.
From these contour images, the height of each filament before and after the pull-out test is
determined and by a numerical subtraction of the data the final slip of the filaments at the rear
of the specimen due to the pull-out loading can be calculated. Thus information is gained on
the residual strain of the filaments at the end of the pull-out test; similar to the LVDT
measurement during the steel fiber pull-out tests in chapter 3. The applied numerical
algorithm was programmed according to the needs as a student research project at the
Laboratory for Machine Tools and Production Engineering (WZL) during this study [Mue01].
The final slip of the filaments can be observed in images by using different shadings whereby
each represents a particular displacement. 64 shadings are used and distributed uniformly over
the measured levels. In each image one shading represents the so-called zero level i.e. no slip
occurred at these places. Since the maximum slip of the tested samples deviates from each
other, varying colors are assigned to the images as zero levels.
5.3.4 Scanning electron microscopy (SEM)
Finally the specimens are examined by means of SEM. Because imperfections (air), cement
paste and glass differ in their elementary composition, a good classification of these
components is possible. Again the rear side of the specimen is examined after the pull-out test
to analyze the microstructural morphology and the amount of strand penetrated by concrete,
which obviously changes within the embedded length of the strand. Nevertheless, it is
believed that a general statement relating the type of the failure mechanism and the amount of
concrete penetrated into the core of the strand may be given. For a possible numerical
quantification of the microstructural morphology based on the taken SEM images, refer to
chapter 6.
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5.4 Tests results
5.4.1 The pull-out test
Fig. 5.5 shows the recorded pull-out load versus displacement diagrams P(Ω). Some details
are shown in additional diagrams on the left and right of Fig. 5.5 for a detailed analysis. The
one on the left shows the origin of the pull-out up to a displacement of 0.4 mm and
emphasizes the different starting gradients of the P(Ω) relation. The P(Ω) diagram in the
center of Fig. 5.5 shows the complete load versus displacement distribution. Finally the
diagram on the right refers to the “frictional” stage of the pull-out process.
In general, the principal trend of a pull-out relation can be observed. An almost linearly
increasing part with a subsequent non-linear region until the maximum pull-out load is
reached, followed by a decreasing softening branch. Although specimen B starts up with the
highest slope followed by specimens A and C and then specimen D, the maximum pull-out
load at approximately 500 N is almost identical for specimens B and C. Specimen D carries a
maximum pull-out load of 433 N which is about 14 % lower and specimen A has a maximum
pull-out load of 410 N corresponding to a deficit of 18 %. This variety is quite acceptable for
pull-out tests on strands embedded in a cement based matrix. [Maj74] and [Law86]
experienced more than 40 % scatter in their test results, which is caused by the uncontrollable
and random penetration of the matrix into the core of the strand. However, maybe due to the
careful and reproducible preparation of the specimens and the low viscosity of the matrix, the
scatter of this study’s test results could be significantly reduced.
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Fig. 5.5. Pull-out responses of specimens A to D.
A noticeable and considerable difference between specimens B and C, which reached the
same maximum pull-out load of 500 N, is that they experience a different failure behavior in
the softening branch of the P(Ω) relationship. Whereas the progression for specimen B drops
rapidly to a lower load level of about 208 N at a pull-out displacement of 0.37 mm, the pull-
out response of specimen C takes a smoother path and reaches the same load level at a
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considerably higher displacement of 0.78 mm. The P(Ω) distributions of the remaining two
specimens stay somewhere in between.
The P(Ω) progressions of all 4 specimens end within a range of 60 N between the uppermost
and lowermost final loads, with specimen B at the lower end with 50 N and specimen A with
about 100 N at the higher end. Note that due to the fact that the strand is cut off at the rear of
the specimen during specimen preparation, the core filaments are pulled out and not pulled
through. Hence no constant frictional load will be achieved at the end of the tests.
5.4.2 The FILT test
As explained in chapter 5.3.2 the images of the FILT test are taken, binarized and recorded
simultaneously with the loads and displacements of the pull-out test. The load versus
displacement diagram P(Ω) recorded for specimen A is presented in the second column of
Table 5.2 for different stages of the pull-out process to clarify this procedure: Ω at maximum
load and at 3 subsequent load steps.
Table 5.2. Observed failure process of a 5-VET strand embedded in PZ-0899-01 matrix under a
pull-out load (FILT tests); specimen A.
L-S 1 Load versus displacement diagram P(Ω) FILT test image
1
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
2
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
3
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
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4
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
1 L-S = load step
For these selected load steps the corresponding binarized FILT images are presented in the
third column of Table 5.2. Remaining intact filaments are visualized by white pixels. The load
steps are labeled in the first column of Table 5.2.
A B 
C D 
Fig. 5.6. FILT images of specimen A to D respectively at the maximum introduced displacement
of about 1.7 mm. Thin white line outlines the perimeter of the strand before the pull-out
test.
It is obviously visible that with an increasing pull-out displacement the amount of intact
filaments decreases. However, this failure process is not consistent over the cross-section of
the strand but different groups of filaments form together, which are finally pulled out. In
Fig. 5.6 the FILT images of all 4 specimens are given at the final strand-end displacement of
about 1.7 mm. A comparison of these FILT images shows the variety of results for these 3
replications, i.e. that different amounts of filaments at different locations are left intact at the
end of the pull-out tests.
To verify whether the outer filaments break down first and then a successive failure occurs
layer by layer from the sleeve filaments to the core filaments, the amounts of filaments failing
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between two successive load levels of Table 5.2 are ascertained and presented in Table 5.3. In
contrast to the results presented earlier, the white pixels now represent the broken filaments.
Again the second column shows the load versus displacement diagram, but now the segment
between two adjacent load steps (first column) is highlighted.
Table 5.3. Observed telescopic failure of a strand (specimen A).
L-S 1 Load history Telescopic failure image FF 2
1-2
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
274
2-3
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
569
3-4
0.0 0.5 1.0 1.5 2.0
0
200
400
600
Pull-out load P in N
Displacement Ω in mm
59
1 L-S = load segment
2 Number of failed filaments within the load segment. Total number of filaments is 1400.
Between load step one and two the strand experiences a decrease of load of approximately
127 N and a change in displacement of 0.22 mm. The third column of Table 5.3 shows the
location and the amount of failed filaments which caused that load decay. It is obviously
visible that an outer ring of filaments breaks down but the core filaments still contribute to the
load transmission. A similar phenomenon is found for the following segment where a
decrease of load of 160 N within a displacement change of 0.71 mm is observed. Again the
failure of a ring of filaments causes this decay in load. The last segment shows only a
decrease of 10 N between the corresponding load steps within a displacement increase of
0.23 mm. In turn filaments surrounding the core fail in tension. Fig. 5.16 shows all the
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filaments which have failed during the complete pull-out process, i.e. at a load of 113 N and
an introduced displacement of 1.78 mm. Although no complete and continuous core remains,
it is obvious that only core filaments stay intact. This image sequence and the corresponding
load versus displacement diagrams are a valuable source of information for the analytical
modeling of the pull-out response of a strand addressed later in chapter 7.
In a further step the binarized images which are recorded during the FILT test (Table 5.2
column 3) can be evaluated with regard to the number of white pixels NP, by using the
numerical procedure proposed in chapter 5.3.2. If NP is plotted against the corresponding
displacement Ω a pixel versus displacement diagram is obtained. For the four specimens this
result is presented in the graph on the left of Fig. 5.7.
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Fig. 5.7. A) Pixel versus displacement diagram for specimen A-D.
B) Active filaments versus displacement diagram for specimens A-D.
On the basis of Eq. (5.2) the recorded pixel versus displacement relationship NP(Ω) can be
transferred into an active filament versus displacement relationship NF(Ω) referring to the
number of filaments which are left intact during the pull-out test. NF(Ω) is presented for the
four specimens on the right of Fig. 5.7. In principle all progressions are characterized by a
short almost horizontal line between 0 ≤ Ω ≤ 0.12 mm followed by an exponential decay, i.e.
almost no filaments fail in tension before the maximum pull-out load is reached. A more
detailed comparison of the presented active filament versus displacement diagrams reveals the
varying breakdown of the filaments of the 4 strands tested. Whereas the filaments of specimen
B fail rapidly so that at a displacement of 0.5 mm only 23 % of the filaments are left intact,
specimens A and D are left with 61 % of intact filaments at the same displacement. Specimen
C retains about 40 % lying somewhere in between. The gradient of the NF(Ω) relationship for
specimen B decreases noticeably at the end of the pull-out test finally leaving about 6 % of
filaments which have not failed in tension at a maximum displacement of approximately
1.7 mm. Specimen A is left with the highest percentage (20 %) of unbroken filaments at the
same introduced displacement.
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The left graph of Fig. 5.8 shows the numerically evaluated number of white pixels NP, C in
contact with surrounding black pixels. By using the proportional factor C which is evaluated
on the basis of Eq. (5.1), this relation can be transferred into a contact perimeter versus
displacement distribution UC(Ω) presented on the right of Fig. 5.8.
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Fig. 5.8. A) Contact pixels versus displacement diagram for specimen A-D.
B) Contact perimeter versus displacement diagram for specimen A-D.
For all of the specimens presented, the contact perimeter UC steadily increases until a
displacement of about 0.25 mm is reached. A subsequent decreasing stage follows. Specimen
B starts out with the highest contact perimeter of 12.6 mm, whereas UC for specimen A and D
is noticeably lower at about 8.2 mm. The increase in percentage of the progression is about
the same for all four specimens. However, the following almost linear drop from a contact
perimeter of 15 mm to 8.2 mm within a displacement range of 0.18 mm is unique for
specimen B although specimen C follows a similar but more gradual progression. In contrast
the results of specimen A and D show a more steady decrease. At the final pull-out
displacement of 1.7 mm, specimen B is left with a contact perimeter of less than 4 mm
whereas specimen C and D end up with a UC of about 5 mm, although they started with a
considerably different initial value at the origin. Specimen A shows the highest value for UC
at Ω = 1.7 mm with 8 mm.
5.4.3 Laser-scanning microscopy (LSM)
As mentioned in chapter 5.3.3, an image of the contour profile of the filaments on the rear
side of the specimen is taken before and after the pull-out test. This information is shown in
Fig. 5.9 for specimen A by using different shadings, whereby each represents a particular
height of the filament. The white lines in Fig. 5.9 outline the perimeter of the strand before the
pull-out test has been carried out. If these profiles are numerically subtracted from each other,
then the slip experienced by each filament at x = 0 until the end of the pull-out test can be
evaluated (residual strain). Note that the black color in Fig. 5.9 right represents the so-called
zero level, i.e. no slip occurred in these areas.
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LSM image before test LSM image after test Numerical subtraction of 1 and 2
Fig. 5.9. Results of the LSM analysis (specimen A).
Usually the numerical subtraction reveals the amount of slip the filaments have experienced
by means of color. Regrettably, due to the black and white print of this thesis a great deal of
information is lost. Examples for colored figures are given in [http://sfb532.rwth-aachen.de/].
A B 
C D 
Fig. 5.10. Results of the LSM analysis, i.e. numerical subtraction of LSM images taken before and
after the pull-out test, for specimen A to D. Thin white line outlines the perimeter of the
strand before the pull-out test.
In Fig. 5.10 the results of the LSM analysis of all 4 specimens are presented, i.e. the
numerical subtractions of the LSM images before and after the pull-out test. Similar to the
results of the FILT tests which were previously presented in Fig. 5.6 the LSM results show
that the locations and the amount of slip of the filaments of the 4 strands vary considerably
within the test series. A visual comparison of the LSM results illustrated in Fig. 5.10 shows
that contrary to specimens B and C more filaments of specimens A and D which are more
uniformly distributed, experience a pull-out. Additionally it can be stated that almost all of the
pulled-out filaments of specimens B and C experienced the same slip, whereas the results of
5 Bond between glass strands and a cement based matrix84
specimens A and D show that the filaments nearer to the core of the strand have slipped by a
considerably higher amount than the ones which are located nearer the sleeve.
5.4.4 Scanning electron microscopy (SEM)
SEM analysis is applied to analyze the microstructural morphology and the amount of strand
penetrated by the concrete. As an example, a micrograph is presented in Fig. 5.11 taken from
the rear side of specimen A after the pull-out test. The areas where the core filaments have
been pulled out can be distinctly differentiated (black areas in the center of the figure).
Zoom
Zoom
2.0 mm
Fig. 5.11. SEM image of specimen A after the pull-out test (rear side).
Fig. 5.12 presents an enlargement of the center and of the upper right corner of the strand
(marked areas in Fig. 5.11). Note the differences in the pull-out behavior. Whereas the
filaments in the center of the strand have been completely pulled out together as a bundle, the
upper right area of the strand shows that only individual filaments experienced a pull-out
(Fig. 5.12). In general it may be stated from these observations that the sleeve filaments which
are still visible in the SEM-micrographs are completely embedded in cement paste, where
hydration products have penetrated into the gaps between these filaments.
A) 
0.2 mm
B) 
0.1 mm
Fig. 5.12. Enlargements of the SEM micrograph in Fig. 5.11: A) center section B) upper right
corner.
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A SEM-micrograph of a longitudinal section of specimen A additionally shows the matrix
strips which have penetrated between the individual filaments. For a more detailed
investigation of the microstructure refer to chapter 6.
0.2 mm
Fig. 5.13. SEM micrograph of a longitudinal section of specimen A.
5.5 Discussion
In this sub-section, the results of the individual test techniques presented above are assembled
and analyzed in context to gain qualitative and quantitative information on the complex
failure mechanisms of a strand embedded in a cementitious matrix under a pull-out load.
A first visual comparison between the results of the pull-out tests - i.e. the P(Ω) relationships,
and the NF(Ω) relationships from the FILT tests - reveals that specimen B which ended up
with the fewest number of still active and intact filaments (Fig. 5.7) and the smallest final
contact perimeter UC (Fig. 5.8), also carries the lowest pull-out load at the end of the test.
Specimen A with 3 times more active filaments at a maximum displacement of 1.7 mm
carries the highest load and also features the highest contact perimeter at the end of the pull-
out test. Specimens C and D follow a similar sequence.
Such a correlation between the progressions of the pull-out load versus displacement
relationships P(Ω) and the active filaments versus displacement distribution NF(Ω) is not only
found in this last stage but is also valid for the complete pull-out process. Fig. 5.14 shows the
P(Ω) relationship and the NF(Ω) distribution for specimen A, B, C and D. Note that the active
filaments NF–axis is on the primary y-axis and the pull-out loads P on the secondary y-axis.
Comparing the relationships which are stated in these diagrams outlines one fundamental
difference: Whereas the progressions NF(Ω) and P(Ω) of specimen B run more or less parallel
to each other from the origin point where the pull-out force is almost at a constant load level
of 320 N after maximum load, the NF(Ω) and P(Ω) relations of specimens A, C and D only
run parallel for a short run at the beginning up to a load level of 500 N, 700 N and 500 N,
respectively, after maximum load and quickly converge with further progression.
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Fig. 5.14. Active filament versus displacement diagram NF(Ω) and pull-out load versus
displacement P(Ω) for specimens A to D.
For specimen B it may be stated that the tensile failure of filaments after maximum load, i.e.
decrease of number of active filaments NF, goes along with an almost proportional decrease in
the pull-out load (i.e. parallel portion of graphs) until a displacement ΩNFL of 0.33 mm is
reached. ΩNFL defines the displacement at the end of the proportionality between P(Ω) and
NF(Ω). In comparison, this approximate proportionality is true for specimens A to values of
ΩNFL = 0.38 mm, for specimen C to ΩNFL = 0.31 mm, and for specimen D to values of
ΩNFL = 0.42 mm respectively. A possible explanation for these varying pull-out responses is
that a slightly different failure mechanism exists between specimens A and D on the one hand
and specimens B and C on the other hand which can be identified if the results of the LSM
and SEM investigations are included in the considerations.
A comparison of the FILT images (Fig. 5.6) and the LSM images (Fig. 5.10) reveals that there
are more filaments which actually experience a plastic strain or filament end displacement
according to the LSM investigations than there are filaments which, according to the FILT
images, remain unbroken and thus pulled out. These filaments which fail in tension after
experiencing a pull-out can be identified by means of an image-superposition of both tests
results, where those filaments still found in the FILT test image (Fig. 5.6) are blackened in the
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LSM image (Fig. 5.10). Fig. 5.15 shows, as an example, this superposition for specimens A
and C of series 12.
A C 
Filament end 
displacement:
0.70 mm
0.55 mm
0.40 mm
Fig. 5.15. Superposition of FILT test and LSM images of specimens A and C. Thin white line
outlines the perimeter of the strand before the pull-out test.
Many of the former sleeve filaments of specimen A experience a slip before they fail in
tension (see on the left of Fig. 5.15). The group of filaments in the upper right half of the
strand experience a pull-out up to a filament end displacement of about 0.7 mm. Groups of
filaments in the center of the strand and in the lower left part undergo a similar process. They
experience a filament end displacement between 0.4 and 1.0 mm. The image-superposition of
the results of specimen D (not presented) shows a similar outcome, in contrast to the
superposition of the results specimen B (not presented) and C (see on the right of Fig. 5.15)
where only a very limited number of filaments experience a pull-out before they fail in
tension. In this case an overall filament end displacement of around 0.6 mm is found. A
comparison of Fig. 5.6 and Fig. 5.10 also shows that some filaments of the strands which have
not failed according to the information gained from the FILT tests, do not experience any slip
if the results from the LSM analysis are viewed. These discrepancies found are probably
caused during the preparation of the specimens for the second LSM analysis.
On the basis of the above presented results a first conclusion may be drawn on how the NF(Ω)
and P(Ω) distributions are linked to the failure mechanisms occurring during the pull-out
process of the strand. For specimens B and C the tensile failure of a filament NF(Ω) which is
observed with the FILT test goes along with an almost proportional decrease in the P(Ω)
relationship. Additionally, the superposition of the FILT and LSM results shows that only a
very limited number of filaments failed in tension after they experienced a pull-out. In
contrast, specimens A and D show only a short parallel run between N(Ω) and P(Ω) at the
beginning of the pull-out test (see Fig. 5.14) which then disintegrates with further progression
implying a pull-out of filaments which then fail in tension before reaching the end of the pull-
out test. Note that the tensile strength of a filament is likely to decrease if its surface is
damaged by abrasion when slipping through the matrix.
In general, it may be stated that the outer filaments are strongly bonded to the surrounding
matrix and hence can not be pulled out but instead fail in tension. This is verified by the SEM
micrographs presented in Fig. 5.11 and Fig. 5.12. The sleeve filaments which are completely
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surrounded with matrix are well defined. Additional evidence for this occurrence is given by
the image-superposition of the FILT test image, showing all the filaments which have failed
during the pull-out test, with the corresponding SEM micrograph. This is shown for
specimen A in Fig. 5.16. In general a good agreement is found; i.e. most of the filaments
which are identified in the FILT test results to have failed in tension are found to be fully
embedded in fine-grained concrete by SEM analysis.
A) 
2.0 mm
B) 
2.0 mm
Fig. 5.16. A) Filaments which have failed during the pull-out tests (Specimen A).
B) Superposition of “a)” with SEM micrograph (Specimen A).
Unfortunately no information regarding the failure location in the third dimension can be
gained from the presented test sequence, i.e. it is not known at what distance x from the load
introduction point the filaments fail. A possible testing method to determine this last unknown
coordinate of the failure location of the single filaments is by acoustic emission analysis
[Rei02]. Although this technique does not have the resolution to determine the exact spacial
coordinates of a filament breakage, it provides enough accuracy to determine the x-location
within the embedded length where a failure occurs. Combining this information with the
results from the FILT test would allow a more precise picture of the predominating failure
mechanisms.
1) 2) 
Fig. 5.17. Visualized staggered failure of the strand.
Unfortunately, a high technical expertise and a subsequent elaborate analyzing procedure are
necessary to apply this technique and hence it cannot be used in the framework of this study.
However pictures taken during the testing in this study show a staggered breakdown of the
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strand (Fig. 5.17); i.e. the filaments break at different x-locations within the embedded length.
But unfortunately, no quantitative information can be gained from these images.
5.6 Summary
The results presented above support those of [Maj74], [Bar87] and [Cur03] in that “the pull-
out behavior is controlled by a strong bonding of the external filaments in the strand and a slip
of the inner filaments”, again influenced by the random and therefore unpredictable
penetration of matrix into the core. In principle this is not a surprise, although cement grains
which measure approximately 10 µm can hardly penetrate into the spaces (approximately
3 µm wide) between the filaments if the filaments are assembled in a compact form.
However, in many cases the original compact flattened bundle is loosened during the placing
and manufacturing, hence the matrix may penetrate up to a certain degree into the core of the
strand. Nevertheless, the formation of hydration products within the strand is initially limited.
This uncontrolled penetration leads to a different formation of the inner and outer bond
characteristics, and hence the failure mechanism after exceeding the maximum pull-out load
is described as a so-called “telescopic failure”, i.e. a successive break down layer by layer
from the sleeve to the core filaments, see Table 5.3. After the tensile failure of the outer
filament layers, a core of inner filaments is pulled out of the strand. Note that although some
of the filaments were found to have failed in tension, they also experienced a certain degree of
pull-out; i.e. during the actual pull-out process they failed at some stage, presumably due to
the exceedance of the tensile strength which was reduced by abrasion and introduced notches
in the filament surface. As a result the real, higher tensile strength of the strand is not
activated. Note that the highest theoretical tensile strength of a strand corresponds to the
strength of a single filament, for example, a filament of the 5-VET strand has a tensile
strength of 1,473 N/mm² (Table 4.5) corresponding to a force of about 1,320 N which the
strand is supposed to carry, in contrast to the 400 N it actually takes in the pull-out test.
Based on these evaluated results, the complex failure process of a pull-out test on a
strand / cement based matrix system may be sketched as presented in Fig. 5.18 (Sub-
problem II, chapter 1).
L
Core filaments
Penetrated matrix
P( )Ω
Bulk matrix
Sleeve filaments
Tensile failure
Pull-out
Pull-out + tensile failure
Tensile failure
Type of failure:
Fig. 5.18. Failure mechanism of a strand embedded in a cement based matrix under a pull-out load.
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Using the numerical evaluation procedure the identified failure mechanisms could not only be
visualized but also quantified. By introducing an active filament versus displacement
relationship NF(Ω), the pull-out response P(Ω) could be directly related to the number of
filaments failing in tension during the process. Although only 4 specimens were tested in this
first step, it may be assumed that the combined failure mechanism of filaments (i.e. pull-out
then tensile failure) may be identified by a comparison of the gradients of the two
relationships. If both distributions run more or less parallel from the origin to the end, the
predominating failure is a tensile break down of the filaments without any prior pull-out. As
soon as this parallel progression disintegrates, a pull-out of filaments occurs, followed by a
subsequent failure in tension. Furthermore, not only could the number of filaments, which
actually contribute to the load carrying behavior at each load step, be quantified but also a
numerical evaluation procedure could be presented allowing the determination of the contact
perimeter UC of the active filaments with the surrounding layer at the corresponding load step.
Hence the fundamentals are given to build up an analytical model capable of simulating the
complex failure mechanism of a strand embedded in a cement based matrix under a pull-out
load (chapter 7). Thus, sub-problem III is also solved.
As the main parameter influencing the failure process and hence the load carrying behavior of
a strand in fine-grained concrete is the amount of matrix penetrating its core, which affects the
extend to which the full tensile strength of a strand is reached, future research should
concentrate among other things on the material and preparation parameters influencing this
penetration. An optimized and reproducible load carrying behavior of this composite, and
hence controllable and adjustable bonding characteristics between the strand and the
surrounding cement based matrix could be achieved by different ways and means. Either the
penetration of matrix into the strand is prevented altogether by different manufacturing
techniques of the strand, for example twisted or agglutinated strands, or the cement based
matrix is modified such that fine particles – for example silica fume, cement grains or
polymers - fully penetrate into the strand. In order to permit such a complete penetration the
size of the strands has to be modified as well, for example by a plasma treatment or a
modification of the chemical composition. Such techniques were suggested as early as 1988
by [Ben88].
The embedded length of the strand during the pull-out test has - as is shown in [Bra04] - only
an inferior effect on the load carrying mechanisms of a strand/matrix system under a pull-out
load in a pull-out test (slight change of the post failure behaviour due to a higher conatct area
in the frictional stage) as the embedded length needed for a single filament to reach its tensile
strength and the pentration characteristics of the matrix into the strand are far more important
(see also section 7). Thus the classical statistical size effects observed in tenisle tests on
strands, play no sigificant role during pull-out tests (and may therfore be ignored within this
study). Besides of these classical size effects, the influence of the irregularity in the yarn
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structure on the performance of yarns with short effective lengths (e.g. crack bridge) has been
investigated in [Chu04a] and [Vor04].
Hence future research should include investigations on other effects influencing the bond
between a strand and the surrounding matrix. For example the capillary absorption of water
by the strand and hence the storage of excess water within the strand at the time of setting
may lead to an increase in the porosity and a dehydration of the matrix near the sleeve
filaments [Ben88, Sha91a]. Also the influence of the size on the bonding characteristics, in
particular the solubility and its effect on the surrounding matrix should be examined as well as
a possible interference due to swelling.
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CHAPTER 6
THREE DIMENSIONAL ARRANGEMENT OF A STRAND IN A
CEMENT BASED MATRIX
In the previous chapter the principal failure mechanisms of a strand embedded in a cement
based matrix under a pull-out load were established and it was found that they mainly
depended on the random penetration of fine-grained concrete into the interior of the strand. So
far no quantitative information on the definite locations where matrix has penetrated the
strand is known and thus an adequate characterization of the microstructure, which is a further
critical point in the formulation of an analytical model, is not possible. Therefore in this
chapter experimental techniques are presented which allow a spatial illustration of a strand
matrix system. However, the overall information gained on the three-dimensional assembly of
a strand in a cement based matrix with regard to the arrangement of the filaments, the
locations and amounts of matrix penetrated into the strand, as well as voids, pores, and
imperfections influencing the interfacial characteristics is restricted due to technical and
financial limitations.
6.1 Introduction
Whilst the microstructure can be viewed quite easily in two dimensions at a variety of
resolutions, e.g. optical or scanning electron microscopy as shown in Fig. 1.1, this is not as
useful as a 3-D image since it is the three-dimensional array of cement particles and hydration
products in the interior of the strand which has the greatest influence on the pull-out response
of a strand. However, a detailed investigation of this complex 3-D system is still a difficult
task because the dimensions of a single filament within the system are quite small compared
to the overall size of the pull-out specimen (spaces between filaments = 0.003 mm, diameter
of filament = 0.02 mm, overall specimen length = 30 mm).
In general computer tomography (CT) is an applicable technique to gain information on this
3-D arrangement of a strand / matrix system. Using different visualization toolkits, cross-
sectional images or "slices" of the investigated structure are either connected into a stack of
planar polygons and then into a 3D triangulated surface model, or converted into voxels (3D
or volumetric pixels) as done by VGStudio as basic elements to represent not only the
surface but also the entire interior of the object. If aspects of resolution are considered, there
are two main possibilities, presented in the following, to gain the needed input data, i.e. series
of cross-sectional images.
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Recently the so-called X-ray microtomography (micro XRT) has been used to obtain sliced
images of the microstructure of cement pastes with a resolution better than one micrometer
per voxel, although this only applied to probes with maximum dimensions of ³mm555 ⋅⋅ .
The contrast in XRT images is based on the difference in absorption of X-rays by the
constituents of the sample (e.g. silica and air). However, these micro XRT investigations can
be carried out only at two or three facilities worldwide, one of which includes the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France1. Thanks to a close cooperation
between Grenoble and the department of physics at RWTH Aachen University, a small
specimen of a VET-5 strand embedded in PZ-0899-01 matrix could be investigated at this
facility [Len02].
A second possibility of creating the aforementioned image slices has already been
successfully applied in “The Visible Human Project®” at the National Library of Medicine
(NLM) in the USA. CT data consisting of axial SEM images of the entire human body taken
at about 1 mm intervals were achieved by planing sections from the specimen with a jointer
adjusted to minimum thickness. This latter technique is hence adapted and modified to the
given conditions during this current study to gain insight into the microstructure of a strand
embedded in a fine-grained concrete matrix.
In a subsequent analysis, the information gained is evaluated by means of a computer aided
image analyzing system to try to quantify and statistically evaluate the penetration distribution
of cement paste and also locate the void and imperfection distribution within the strand.
6.2 Materials composition and specimen preparation
6.2.1 AR-glass strands / fine-grained concrete
All of the following microstructural investigations are performed with the material
combination 5-VET strand (see chapter 4.2.1) and PZ-0899-01 matrix (see chapter 4.2.2).
6.2.2 Specimen preparation
To guarantee that the microstructure of the specimens tested in the pull-out tests and the
samples used during the CT analyses are as similar to each other as possible, the specimen
preparation is done as described in chapter 5.2. However, the strand is not embedded in epoxy
resin on either side and additionally three small steel fibers of 0.1 mm diameter are placed
parallel to the strand and perpendicular to the cross-section in a triangular arrangement in the
specimen. These steel fibers allow the exact placing and alignment of the sectional images in
the CT analysis later on.
All specimens are cured after casting for one day in the mold and stored for two further days
in a 20°C and 95 % RH climate. Afterwards they are impregnated with clear resin and the top
and rear sides of the specimen are polished. After preparation each specimen is sectioned
                                                
1 http://www.esrf.fr/
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along its x-axis, whilst using water to cool the cutting saw. An axial prism, approximately
²mm1010 ⋅  in cross-section and 30 mm in length, is sliced leaving the strand and the steel
fibers near two perpendicular sides.
X-ray microtomography
The specimen used for the X-ray microtomography is further cut down to a cubic form of
³mm555 ⋅⋅  which is the maximum size allowed for these investigations. As a result the steel
fibers and a larger part of the cross-sectional area of the strand are removed.
Environmental scanning electron microscopy (ESEM)
In the case of the ESEM investigations, the front and rear sides of the ³mm301010 ⋅⋅  axial
prism are ground on a flat surface with a wheel grinder and polished with 600# silicon
carbide. Further polishing is performed with 100-, 50-, and 10-micron aluminum powder on a
glass plate. After polishing, the specimens are immersed in acetone and placed in an
ultrasonic machine in order to remove the residual film on their surfaces.
6.2.3 Experiment sequences
One ³mm555 ⋅⋅ 5-VET strand / PZ-0899-01 matrix system is investigated by means of the
micro XRT and two ³mm301010 ⋅⋅ specimens are analyzed with the ESEM.
6.3 Experimental methods
6.3.1 X-ray microtomography (XRT)
The ³mm555 ⋅⋅  specimen is imaged on the 3-D microtomography unit at the European
Synchrotron Radiation Facility (ESRF) in France using parabolic refractive lenses made of
aluminum to generate hard X-ray microbeams at several beamlines. The specimen to be
imaged is mounted on a translation / rotation stage allowing a precise alignment in the beam.
A set of 250 X-ray micrographs is recorded as a function of sample rotation at equidistant
steps in an angular interval from 0 to 180° and with a x10.6 magnification. Filtered
backprojection is adopted to reconstruct the cross-sectional images. For more information
refer to [Len02]. Using the visualization program VGStudio these “slices” are finally
converted into voxels and reassembled into a three-dimensional image of the composite.
6.3.2 Environmental scanning electron microscopy (ESEM)
An environmental SEM is used in this study to examine the non-conductive samples without
coating it with a conductive material, which simplifies the preparation procedure by a
considerable degree. The specimen is mounted on a specimen stub and placed on the stage
allowing a precise alignment in the beam. Electron backscatter diffraction analysis is used to
determine the make-up of the sample. The resulting images show each element in the sample
in a different shade, from almost white to black (phase identification). These images are
1024 pixels by 1024 pixels where each pixel is made up of 12 bits of gray tone.
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After taking an axial image of the composite, the specimen is removed from the ESEM unit
and placed again on the wheel grinder to remove about 1 to 2 mm of material. The subsequent
polishing and the finishing procedure is as described above. The specimen is then placed in
the ESEM again and a further axial image is taken. This procedure is repeated about 10 times
per specimen in 1 – 2 mm intervals. Attention is paid, that each image also contains the three
cross-sections of the steel fibers. All sectional images are converted again into voxels
(VGStudio) and reassembled into a three-dimensional structure of the composite using the
steel fiber bench marks to align the images.
6.4 Results
6.4.1 X-ray microtomography (XRT)
A section of a 2-D (slice) image is provided on the left of Fig. 6.1. Clearly visible are the
circular filaments and the voids between them filled with cement paste to a certain degree
(rough appearing areas). The principle of micro XRT is based on the difference in absorption
of X-rays, and since the atomic weight of AR-glass filaments and cement particles are very
similar, the contrast in the resulting images is moderate. The generally high X-ray absorption
of concrete provides additional problems to visualize high contrast patterns, i.e. images with a
high spectrum of gray levels.
25 mµ
150 mµ
25 mµ
115 mµ
Fig. 6.1. Section of a 2-D (slice) image and a subvolume of 3-D image of a 5-VET strand in PZ-
0899-01 matrix determined by means of micro XRT.
As the initial spectrum of graylevels is so low, it is not possible to apply a multi-level
thresholding operation by means of a computer aided image analyzing system to produce
segmented (phase) images of the specimen. Thus, this method of investigation unfortunately
does not offer the potential for further evaluation with regard to the locations and amounts of
penetrating matrix, voids, pores, or imperfections within the strand.
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6.4.2 Environmental scanning electron microscopy (ESEM)
Fig. 6.2 shows, as an example, a 2-D (slice) micrograph of the 5-VET strand / PZ-0899-01
matrix system (section 2, specimen 1). The white line in the image borders the sleeve
filaments of the strand and highlights the overall contorted formation and the spread of the
filaments. For most parts AR-glass filaments (white), cement paste (gray) and voids (black)
can be differentiated. In some cases, however, SiO2 aggregates which possess an atomic
weight almost identical to that of the glass filaments are also displayed as white areas.
Representative
sector
Location 1
Location 2
Location 3
Outline of strand
0.20 mm
Fig. 6.2. 2-D (slice) image of a 5-VET strand / PZ-0899-01 matrix system (section 2, specimen 1).
To allow a more detailed evaluation of the mircostructure of specimen 1, three 2-D (slice)
images of a representative sector (see Fig. 6.2) together with the resulting 3-D subvolume are
presented in Fig. 6.3.
Section 2
Section 3
Section 4
Subvolume
200 mµ
2 mm
(not in scale)
Fig. 6.3. Three 2-D (slice) images and a subvolume of a 3-D image of a 5-VET strand in PZ-0899-
01 matrix (specimen 1).
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Obviously the microstructure of the system drastically changes within only a couple of
millimeters; compare the three 2-D slices on the left of Fig. 6.3. Sand grains displace the
filaments, cement paste penetrates at different locations and voids form in a random manner.
Also clearly visible is that filaments which are in close contact with cement paste (upper 2-D
slice (section 2), center of slice) at a certain location lose this contact within just a few
millimeters away, i.e. from center of section 2 slice to center of section 3 slice. Naturally this
microstructure also differs for the two specimens investigated.
Fig. 6.4. Segmented (phase) images of one 3-D subvolume: Black areas represent voids or flaws,
gray areas represent cement paste and white areas represent filaments.
The visualizing software VGStudio allows to clip a volumetric structure along arbitrary
chosen axes or planes so that different sections may be evaluated with regard to contact zones
between the three phases, e.g. between filaments and cement paste. Fig. 6.4 represents such a
3-D illustration of a section of the subvolume presented in Fig. 6.3.
6.4.3 Computer aided image analyzing system
Based on the results presented above, fair quality segmented (phase) images of the 2-D slices
and thus also of the 3-D subvolumes can be produced by means of a multi-level thresholding
operation. Fig. 6.5 shows such binarized phase images for the representative sector of
Fig. 6.2.
ROI
PathA) B) C)
200 mµ 200 mµ200 mµ
Fig. 6.5. Segmented (phase) images of one 2-D slice:
A) Black areas correspond to filaments and parts of some aggregates (SiO2).
B) Black areas correspond to cement paste.
C) Black areas correspond to voids or imperfections.
The black areas in Fig. 6.5 A represent filaments, in Fig. 6.5 B cement paste and those areas
in Fig. 6.5 C voids or imperfections. Note that again due to the almost identical atomic
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weights between some of the aggregates and the filaments, Fig. 6.5 A inevitably shows these
aggregates mixed in with the filaments (upper left area, compare Fig. 6.3). In a subsequent
step several equally sized, uniformly distributed regions of interest (ROI’s) are introduced in
the binary phase images (Fig. 6.5) and investigated with an image analyzing system to locate
and quantify the spatial arrangement of filaments, voids, and matrix across a defined path
(location 1 in Fig. 6.2). This path is chosen such that it starts perpendicular from the perimeter
of the strand towards the core, which is defined as about half the distance between the two
opposite outer sleeve filaments. In all three phase images a numerical algorithm determines
the proportion of black pixels in relation to the total area of each region and thus information
on the relative amount of filaments, voids and matrix in each ROI is gained with an
approximate error of 10 %. The corresponding final output is a relative void area versus path
length relationship as shown in Fig. 6.6 for the matrix, filament, and void distribution over the
marked path in Fig. 6.5; location 1 of section 2, specimen 1 (Fig. 6.2).
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Fig. 6.6. Detected area versus path length diagram (Matrix, filaments, voids) for a 2-D slice image
of a 5-VET / PZ-8099-01 matrix system.
It can be seen that the amount of matrix which penetrates into the interior of the strand
decreases linearly. A best fit by a linear function (Fig. 6.6) shows a stability index of
approximately 0.7. However, this “fair quality fit” is certainly based on oscillations of the
values. The void and filament distributions over the path length can be best described by
logarithmic functions which feature similar stability indices.
If the filaments are assumed to be uniformly distributed within a strand (i.e. the change in
filament cross-sectional area from the sleeve to the core of the strand is assumed zero, which
would correspond to a horizontal progression of the void distribution in Fig. 6.6), then the
changes in area for both matrix and voids along the investigated ROI path can be plotted in
relation to this constant filament cross-sectional area. This is shown in Fig. 6.7, which is
obtained as follows: firstly the filament areas along the path of the ROI are all assumed to
have the maximum value corresponding to Fig. 6.6 and based on this filament area
normalization, the respective areas for the matrix and the voids are adjusted by the same
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proportion and hence the absolute, accumulated changes in area along the ROI path can be
plotted.
0
20
40
60
80
100
 
Core
 Matrix
 Filaments
 Voids
Accumulated change in Area A in %
Sleeve
Fig. 6.7. Accumulated change in area of void, filament and matrix area within the strand.
The resulting graph shows that the void area for the analyzed path in Fig. 6.5 only slightly
increases at the very beginning by about 18 % and mainly stays constant over the cross-
section afterwards. In contrast, the relative area of matrix decreases by more than 75 % in a
logarithmic progression.
Under the assumption of a constant spread of filaments within the investigated path these
accumulated changes in area can be likewise determined at different locations and various
sections of the investigated specimens. This is shown in Fig. 6.8 which illustrates the high
variety of results determined at all three sections of location 2 and for all three locations of
section 3 of specimen 1 as indicated in Fig. 6.2 and Fig. 6.3.
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Fig. 6.8. Change in matrix area within
A) the three sections investigated of location 2; (compare in Fig. 6.2 and Fig. 6.3).
B) the three locations investigated of section 3; (compare in Fig. 6.2 and Fig. 6.3).
These variations indicate the substantial differences in the microstructure even between two
locations of one section or one location of two adjoining sections. The overall bandwidth of
the evaluated accumulated change in matrix area functions is illustrated as gray shaded area in
Fig. 6.9 together with the individual results of the 9 investigated paths. However, it is also
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observed that at more locations the matrix only penetrates the strand in the sleeve layers and
does not penetrate through to the core. This implies that this random penetration process is
subject to statistical conditions which can be expressed by e.g. a density function S(A) as
shown in Fig. 6.9. Unfortunately not enough data could be accumulated to quantify S(A). This
is a possible task for future research.
Sleeve Core
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S(A)
Fig. 6.9. Bandwidth of the evaluated accumulated change in matrix area functions and
corresponding density function S(A) at the core of the strand.
6.5 Summary
The principal procedure to investigate the mircostructure of an AR-glass strand / matrix
system is outlined in this chapter and information is gained with regard to the locations and
amounts of penetrated matrix, voids, pores, or imperfections within the strand. It is shown that
the CT technique can provide a spatial illustration of the real structure if cross-sectional
images are determined with environmental electron scanning microscopy at 1 to 2 mm axial
intervals by planing sections from the specimen. Using a computer aided image analyzing
system, this information can be plotted as segmented (phase) images, showing the various
elements (i.e. filaments, matrix and voids) in the sample in different shades. In a subsequent
analysis the planar distribution of cement paste penetrated into the interior of the strand at
different sections of the composite can be evaluated. It is found that the matrix penetration
into the strand can be described by a logarithmic function, if the filaments are assumed to be
equally spread within the investigated area. However, this penetration of matrix is randomly
distributed not only over the cross-section of the strand but also over its embedded length in
the composite. It might be possible to describe this changing penetration quality by statistical
methods, e.g. a density function S(A) which defines the overall probability that a certain
amount of matrix reaches a certain penetration depth at a location x within the strand.
Such an extensive evaluation of the microstructure requires the application of enhanced
computer routines and the use of large computational resources which were not available
during this study. Thus the aim of future research in this topic could include the development
and adoption of more sophisticated image analyzing routines and as a result gain a spatial
distribution of the matrix penetrated into the interior of the strand.
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CHAPTER 7
MODELLING OF A STRAND PULL-OUT
Based on the evaluated results from the previous sections, i.e.
• the BSR τ(s) predominating the bond between AR-glass filament and cement based matrix
(chapter 4),
• the load versus displacement relationship P(Ω) describing the pull-out response of a
strand / cement based matrix system (chapter 5),
• the active filaments versus load relationship NF(Ω) which characterizes the failure process
of a strand during this test (chapter 5),
• and the information gained on the microstructure (chapter 6)
a solution to the overall problem is assembled in this chapter which analytically describes the
pull-out behavior of a strand in a cementitious matrix. A model is introduced which uses the
above stated findings as main input parameters and yields a numerical simulation of the bond
behavior between an AR-glass strand and a cementitious matrix.
7.1 Introduction
The fracture behavior of unidirectional fibrous composites - in the current case a strand
embedded in a cementitious matrix - has been tackled with several approaches over the years.
One of the simplest approaches to idealize this system, the so-called one cylinder model
(Fig. 7.1), is to assume a homogeneous and linear elastic strand loaded under quasi-static
conditions and further neglect matrix deformation [Zas03]. However, as has been shown in
the previous chapters, this simplification of the composite does not reflect the telescopic and
staggered failure of the strand in any way.
A) One cylinder model B) Ring model C) Segment model D) Lamina model
Fig. 7.1. Basic models to idealize a strand in a matrix.
A somewhat more progressive approach had already been introduced some years beforehand
by [Ohn94] based on the work by [Ave71], who idealized the strand / matrix system as a two
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ring model containing sleeve and core filaments (Fig. 7.1). Note the similarities to the
visualized telescopic failure process observed in the previous chapter (Table 5.3). However,
since the bond stress between the different “rings” is assumed to be constant and no tensile
failure is considered, this model also oversimplifies reality, but nevertheless, the principal
idea of the ring structure is adopted in the following derivation.
Segment models as shown in Fig. 7.1 can likewise be found in a variety of studies, e.g.
[Sej02] and [Heg02b]. [Sej02] proposes to use periodic unit cells (PUC) which consist of N
filaments statistically equivalent to the original microstructure. To achieve this, fundamental
knowledge about the material’s statistics is needed and the original microstructure has to be
quantified, e.g. by using a collection of SEM images (see chapter 6). Introducing an n-point
probability function Sm defining the chance of finding a randomly placed filament located in
the matrix, a PUC has to be determined with the help of stochastic optimization procedures
which matches in its Sm function with the original microstructure. Hence the actual objective
is to keep the material’s statistics and properties of the PUC and the original composite as
similar as possible. However, the bond between the filaments and the surrounding matrix is
assumed as perfect and the different failure mechanisms occurring during the strand break
down, i.e. debonding and tensile failure of the filaments, are not considered in this model.
Thus e.g. the change in the number of active filaments NF(Ω) (load carrying area of the
strand) is neglected and the staggered breakdown cannot be simulated.
Such a filament breakage and debonding of the filaments from the matrix as well as plasticity
of the matrix are included in the lamina model proposed by [Bey97], who enhanced an idea
introduced by [Hed61] as early as in 1961. In this approach the stress distributions are
analyzed in a sheet of parallel, high modulus filaments which carry normal loads and are
embedded in a low modulus matrix which carries only shear. Unfortunately, the model
implies that the load is introduced only by the filaments (tensional test) and hence this applied
technique cannot easily be transferred to this study. However, the principal idea of the
superposition techniques and summation procedures used in this approach will be considered
in the following derivation of the analytical model.
Basically all fundamentals for the following analytical modeling of the pull-out behavior of a
strand/matrix system were established and suggested already in 2001 in a Final Year project
[Eve01] according to the needs of this study. Some of the ideas proposed in this project, for
example the bond layer model, the varying bond quality distribution (influence of matrix
penetration) and the layer dependent embedded length, were processed by different researches
within the collaborative research center SFB 532 and implemented in numerous numerical
models to idealize the complex load carrying mechanisms of a strand/matrix system; see for
example [Kon03a] and [Kon04] - both representing the lamina model in Fig. 7.1 - who
include further elementary effects in their models, e.g. a stochastic strength distribution which
is ignored in this study, .and thus provide a different idealization of the material behavior in
the bond layer.
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7.2 Analytical model
Generally it may be stated, that if the pull-out response pi(Ω) of every single filament i for
1 ≤ i ≤ NF,m at every single load step is known, the resulting load displacement relationship
and hence the overall response of the strand P(Ω) can be calculated with a simple summation
procedure similar to [Hed61]. Note, that NF,m corresponds to the number of filaments per
strand as described in chapter 5.2.1. In mathematical terms this yields
∑
=
Ω=Ω
m,FN
1i
i
)(p)(P (7.1)
If the modeling of a ring structure [Ohn94] is adopted which is justified by the telescopic
failure visualized in the FILT test (chapter 5.4), the composite may be idealized as a layered
system made up of m layers with the number of o(v) filaments per layer v for 1 ≤ v ≤ m; see
Fig. 7.2. Note, that o is dependent on v.
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Fig. 7.2. Idealization of a strand embedded in a matrix.
The number of filaments o(v) in a layer v can be expressed as
∑
=−
=−=
v
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v,F1v,Fv,F
)j(oN,NN)v(o (7.2)
and the corresponding layer pull-out response pv(Ω) as o(v) times the average pull-out
response pv,a(Ω) of all filaments of that layer. This yields
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Hence Eq. (7.1) can be rewritten as
∑
=
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m
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Eq. (7.4) states that if all layer responses pv(Ω) for 1 ≤ v ≤ m are known, the overall pull-out
response of the strand P(Ω) may be calculated.
The experimental results presented in chapter 5.3 state that the failure process of the strand is
generally predominated by a primary break down of the outer layer of filaments m followed
by a successive failure of the adjacent layers until a core of filaments is finally pulled out.
Under the assumption that the tensile force of layer v exceeds or equals the tensile strength of
layer v-1 (ft,v ≥ ft,v-1) this can be expressed by
)(p)(p
1vv
Ω≥Ω − (7.5)
Further on, if the filaments in the outer layer m reach their tensile strength and thus also their
failure strain prior to the subsequent layers, it may be reasoned, that the average extensional
stiffness is gradually decreasing from the outer to the inner layers. Assuming that
• the filaments only carry normal loads,
• the matrix penetrated between the filaments only carries shear,
• the bond between the single filaments and the matrix is basically characterized by the
BSR τ(s), and
• the BSR τ(s) is identical for all layers (a more sophisticated implementation of varying
bond parameters is presented in [Kon03a] and [Kon04]),
it may be stated, that the main parameter involving this stiffness gradient has to be the
decreasing interlayer contact area (L UC)v towards the core of the strand. Note, Lv corresponds
to the embedded length and UC,v to the contact perimeter of a layer v. Although this
assumption is verified by the findings presented in chapter 6, it is so far still not possible to
experimentally determine the exact values of these geometric parameters. It must also be
pointed out that the contact perimeter UC,v determined with the FILT test (chapter 5.4.2) only
gives a qualitative idea of this parameter because the analysis does not consider voids and
flaws in the contact area.
In order to still allow an analytical modeling of the pull-out response of a strand without
adequate knowledge of the contact areas, the following proceeding is proposed under the
assumptions that
• the average pull-out response pv,a of a layer is described by Eq. (7.4),
• if matrix has penetrated into a layer v at a location i over a length Lv,i all filaments in that
layer are completely embedded in matrix over their circumference π d at that location over
that length, and
• all individual embedded lengths Lv,i of a layer may be summed up to a layer dependent
embedded length Lv. Or vice versa, the filaments of a layer v are not embedded over the
“free” length Ψv; compare Fig. 7.3.
Note that only an embedded length of a couple of millimeters is needed to transfer all the
forces a filament can carry in the surrounding matrix (chapter 4).
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This kind of idealization of the microstructure is also proposed in [Ban02] as well as
[Kon03a, Kon04] and can be found in a slightly modified way also in [Sch03] named
“adhesion-bridge model”.
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Fig. 7.3. Idealization of microstructural, geometric parameters.
Experimental results show (Fig. 5.17) that the layers and hence the filaments experience a
staggered break down, i.e. the failure locations run from x = L for the sleeve filaments to
x << L for filaments near the core. By assuming that the tensile strength of a filament does not
vary over its length, it implies that the load transfer between filaments and matrix by shear
stresses is negligible in the regions Ψv, where the filaments are not embedded.
Hence two major conclusions may be drawn:
1. The average pull-out force pv,a of a layer is governed only in the regions of embedment Lv.
2. The corresponding displacement Ω of a layer v consists of two components: (I) the slip ω
of the filaments and (II) the elongation ∆ resulting from the deformation of the filaments
over the free length Ψv.
This may be expressed in mathematical terms as
∆+ω=Ω (7.6)
As the stress versus strain relationship of a single filament is found to be linearly elastic
(chapter 4.4.1), ∆ is dependent on the layer force pv(ω), the Young’s modulus of the filaments
EF, the free length Ψv, and the cross-sectional area of the layer AV which corresponds in turn
to o(v) times the area of a single filament AF. If in addition the assumption holds, that all
filaments of a layer v do not interact, the average pull-out response pv,a(ω) of a single filament
in a layer v is either equivalent to the response of a filament in a single filament pull-out test
P(ω)v, if the identical embedded length LV is chosen (chapter 4.4.2), or is equivalent to the
P(ω)v relationship simulated on the basis of a given BSR τ(s) for the corresponding geometric
arrangement (Fig. 7.4). Hence Eq. (7.6) yields
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after pv(ω) is substituted according to Eq. (7.3).
7 Modelling of a strand pull-out108
Simulations show, that the pull-out responses Pv(ω) of filaments embedded over different
lengths Lv agree with each other as long as Lv is long enough to allow the filaments to reach
their tensile strength ft, at a corresponding pull-out displacement ωf (Fig. 7.4). In addition a
critical embedded length Lcrit can be determined which is the maximum length at which the
filaments do not reach their tensile strength; this is about 2.8 mm for the illustrated material
combination in Fig. 7.4. The only real unknown constant parameter in Eq. (7.7) is the free
length Ψv.
If Ωv,f is defined as the critical displacement at the time of failure of the layer v where the
filaments in that layer reach their tensile strength fv,t at a corresponding single filament pull-
out displacement ωv,f, then Eq. (7.7) may be rewritten as follows( )
t,v
Ff,vf,v
v f
E⋅ω−Ω=Ψ (7.8)
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Fig. 7.4. Simulated responses of a filament in a single filament pull-out test with different
embedded length LV based on the material parameters of a 5-VET / PZ-0899-01 system.
Ωv, f in Eq. 7.8 can be determined on the basis of the active filaments versus displacement
relationship NF(Ω). Assuming the numbers of filaments in each idealized layer to be equal,
i.e. o(v) = o (compare chapter 6.4.3), the active filaments versus displacement relationship
NF(Ω) may be matched by a step function with a constant step height o as shown in Fig. 7.5
for specimen A of series 12 (compare Fig. 5.14). The number of steps used naturally
corresponds to the number of layers assumed in the idealization; m = NF, m / o.
The width of each step refers to the displacement range in which o filaments of the
corresponding layer v fail. The displacements at the end of each step (black squares) are taken
as average failure displacements, i.e. the layer v is assumed to fail in tension at a pull-out
displacement Ωv, f. Using this information a free length Ψv can be calculated for each layer v.
This yields for pv(Ω)
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In chapter 5.5 it is found, that in the interval 0 ≤ Ω ≤ ΩNFL the failure of the layers is
predominated by a pure tensile break down of the filaments without any prior pull-out, i.e. all
layers v for k < v ≤ m fail in pure tension. Thus for Ωv, f ≤ ΩNFL the layer tensile strength fv,t in
Eq. (7.9) corresponds to the tensile strength of a filament derived in a tensile test. Knowing fv,t
the appropriate ωv,f can be determined as well (Fig. 7.4). The Pv(ω) distribution can be
evaluated with the direct boundary value problem proposed in chapter 2.3 assuming a
Lv > Lcrit and implying the BSR τ(s) determined (Fig. 4.20) for the investigated
filament / cement based matrix combination.
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Fig. 7.5. Step-wise adaptation of the active filaments versus displacement relation NF(Ω).
As soon as Ω > ΩNFL, the filaments are assumed to experience a pull-out accompanied by
abrasion effects as well as a deterioration of the glass surface and fail consecutively in tension
later on due to a reduced tensile strength, i.e. layers v for j < v ≤ k fail in tension after a prior
pull-out. Hence the tensile strength fv,t of the layer v for Ωv, f > ΩNFL may be seen as the
product of the filament tensile strength ft and a so-called “abrasion” factor kA which considers
the mentioned aggravation effects. Hence it can be stated:
NFLf,vtAt,v
NFLf,vtt,v
for,fkf
for,ff
Ω>Ω=
Ω≤Ω=
(7.10)
Again the appropriate ωv,f can be determined from Fig. 7.4. The pull-out response Pv(ω) can
easily be calculated by choosing an embedded length Lcrit,ka which results in a pull-out of the
filament (compare Fig. 7.4) under consideration of a reduced tensile strength due to abrasion
as stated in Eq. (7.10).
So far only those layers j < v ≤ m which failed in tension during the pull-out tests have been
considered, regardless of whether they have experienced a pull-out beforehand or not. The
core of inner filaments which is pulled out of the specimen without failing in tension, i.e.
layers 1 ≤ v ≤ j, has so far not been considered in the model. An additional simulation with the
cohesive interface model can be carried out to calculate the response of the core layers if it is
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assumed that the pulled-out core filaments respond as a homogenous body, which is
embedded over a length Lcrit,ka and features a contact area of UC,j as well as a cross-sectional
area of AF NF,j determined with the FILT test (Fig. 5.8).
For simplicity reasons it is further assumed, that the free length Ψv stays equal for all inner
layers 1 ≤ v ≤ k and amounts to the free length derived for layer k+1. Substituting Eq. (7.9) in
Eq. (7.4) yields ( )
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and thus a procedure to analytically describe the pull-out behavior of a strand in a cement
based matrix under a pull-out load is derived.
7.3 Results of Simulation
In the following, the results of the simulations carried out for specimens A to D
(chapter 5.2.4) are presented. To summarize and clarify the simulation procedure described
above, a detailed illustration for the pull-out modeling of specimen A is subsequently
presented.
For specimen A the FILT test results show (Fig. 5.14), that the failure process for
Ω < ΩNFL = 0.38 mm is predominated by a pure tensile break down of the outer layers. The
tensile strength of these filaments has been determined in chapter 4.4.1 and listed in Table 4.5
as 1473 N/mm² with a relative standard deviation of 20.3 %. Based on the findings in
chapter 4.4.2, i.e. that due to a local lateral pressure of e.g. aggregates the tensile strength of a
filament embedded in fine grained concrete is at the lower end of the range of the standard
deviation, the tensile strength of a filament in a pull-out test is adopted as 1200 N/mm². This
corresponds to a maximum filament force of 0.78 N if a cross-sectional area AF = 2.07E-
4 mm is implied which is defined in turn by the average filament diameter da = 28.8 µm
evaluated in chapter 4.4.1 and listed in Table 4.5.
According to chapter 5.2.1 the 5-VET strand consists of approximately 1400 filaments. If the
system is idealized as a 5 layer structure, the number of filaments for a single layer is found as
o ≈ 280. Thus the maximum force in the outer layers which fail in pure tension (for
Ω < ΩNFL = 0.38 mm) is calculated as about 218 N. The maximum layer force for all layers
failing at an introduced displacement Ω > ΩNFL = 0.38 mm can be determined as about 65 N,
if the “abrasion” factor kA is presumed in a first estimation as 0.3, i.e. the tensile strength of a
filament is reduced by 70 % due to weakening effects.
The bond between the 5-VET filaments and PZ-0899-01 matrix is defined by the BSR τ(s)
derived in chapter 4.5 and stated in Fig. 4.19. For the presented pull-out test on specimen A,
about 280 filaments are left intact at the final displacement of 1.7 mm (Fig. 5.7) featuring a
contact perimeter UC of about 8 mm (Fig. 5.8). The corresponding critical embedded length is
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determined as about 2.8 mm (Fig. 7.4). All previously listed main input parameters are listed
in Table 7.1 again.
Table 7.1. Main input parameters in the analytical model for specimen A.
Parameter Specimen A Reference
Tensile strength of filament ft [N/mm²] 1200 Table 4.5
Young’s modulus of filament EF [N/mm²] 53,336 Table 4.5
BSR τ(s) [-] Fig. 4.19 Fig. 4.19
Critical embedded length Lcrit [mm] 2.8 Fig. 7.4
“Abrasion” factor kA [-] 0.3 Estimated
Number of filaments in the strand [-] 1400 chapter 5.2.1
Number of layers [-] 5 Chosen
Critical pull-out displacement ΩNFL [mm] 0.38 Fig. 5.14
Intact filaments NF at Ωmax [-] 280 Fig. 5.7
Contact perimeter UC at Ωmax [mm] 8.0 Fig. 5.8
From the stepwise adaptation of the active filaments versus displacement relation NF(Ω)
presented in Fig. 7.5 which refers to specimen A, the failure displacement Ωv, f for the 4 layers
failing in tension is found to be Ω5, f = 0.19 mm, Ω4, f = 0.38 mm, Ω3, f = 0.67 mm, and
Ω2, f = 1.19 mm. Note, that layer 1 does not break down within the applied displacement but is
pulled out.
Adopting Eq. (7.9) and the P(ω) relationship presented in Fig. 7.5 together with the resulting
ωf,v, the pv(Ω) relationships can be plotted in a layer force versus displacement diagram which
is presented in Fig. 7.6 for specimen A.
p ( ) m m,fΩ
Ωm,f
Layer force p  in Nv
300
Displacement  in mmΩ0 0.5
200
100
0
1.0 1.5 2.0
ΩNFL
Fig. 7.6. Layer force displacement diagram pv(Ω) for specimen A.
A summation of the individual pv(Ω) responses according to Eq. (7.4) results in the simulated
P(Ω) relation for a 5 layer idealization stated in Fig. 7.7.
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Fig. 7.7. Experimentally determined and analytically simulated pull-out responses for specimen A.
Simulations with a 5 and 100 layer idealization respectively.
Additionally the experimentally determined load versus displacement relationship P(Ω) is
presented in the diagram as well (compare Fig. 5.5). So far the system is idealized with five
layers of 280 filaments each. Increasing now the number of layers to v = 100, the pull-out
response can be simulated in more detail. Note, the higher the number of layers taken, i.e. the
lower the number of  filaments included in a single layer, the more the complex interaction
between the individual filaments is considered due to the fact, that this information is hidden
in the active filaments versus displacement relationship (Fig. 5.7).
Table 7.2. Main input parameters in the analytical model for specimen B, C and D.
Parameter Specimen B Specimen C Specimen D Reference
Tensile strength of filament ft [N/mm²] 1200 1200 1200 Table 4.5
Young’s modulus of filament EF [N/mm²] 53,336 53,336 53,336 Table 4.5
BSR τ(s) [-] Fig. 4.19 Fig. 4.19 Fig. 4.19 Fig. 4.19
Critical embedded length Lcrit [mm] 2.8 2.8 2.8 Fig. 7.4
“Abrasion” factor kA [-] 0.30 0.30 0.30 Chosen
Number of filaments in the strand [-] 1400 1400 1400 chapter 5.2.1
Number of layers [-] 100 100 100 Chosen
Critical pull-out displacement ΩNFL [mm] 0.33 0.31 0.42 Fig. 5.14
Intact filaments NF at Ωmax [-] 83 121 222 Fig. 5.7
Contact perimeter UC at Ωmax [mm] 4.0 4.8 6.3 Fig. 5.8
In principle the simulation is in a good agreement with the experimentally determined load
versus displacement relation of specimen A. The starting gradient is well mapped but the
maximum pull-out force is overestimated by 12.5 %. The successive break down process,
which is illustrated by the softening branch of the P(Ω) relationship, is also in a good
agreement whereas the final pull-out force is underestimated by 7.5 %. The only “fitting
parameter” included in the presented model is the so-called abrasion factor kA¸ which was
7 Modelling of a strand pull-out 113
chosen for specimen A as 0.3. However, if the simulations of the remaining three tests show,
that the factor is constant, it may well be assumed to be a material parameter as well.
In a similar procedure the responses of specimen B, C, and D are simulated. To allow an
easier comparison of the following simulations, the main input parameters for the analytical
model are listed for specimen B, C, and D in Table 7.2.
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Fig. 7.8. Experimentally determined and analytically simulated pull-out responses for specimen B.
The simulated overall pull-out response P(Ω) is presented for specimen B in Fig. 7.8 together
with the experimentally determined load versus displacement graph. In general a good
consistency between the analytical simulation and the experimental results is found, i.e.: The
starting gradient, the maximum pull-out force reached as well as the break down of the
individual filaments are well met.
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Fig. 7.9. Experimentally determined and analytically simulated pull-out responses for specimen C.
Fig. 7.9 shows the outcome of the analytical simulation for specimen C. Again the starting
gradient and the maximum pull-out force of experiment agree with the simulation. However,
the failure process during softening of the strand is underestimated. In some places the
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discrepancy is around 50 %. The end of the pull-out process then fits the experimental results
again.
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Fig. 7.10. Experimentally determined and analytically simulated pull-out responses for specimen D.
Last of all Fig. 7.10 presents the experimental results of specimen D together with the
simulated pull-out response. Again the “abrasion” factor kA is chosen as 0.3 and therefore is
identical for all simulations carried out. Similar to the previous results the starting gradient
and the maximum pull-out force are well met but the failure process is overestimated by a
certain degree although the discrepancy between simulation and experiment again reduces in
the final frictional stage.
Another result may be gained from the proposed model besides the simulation of the different
pull-out responses. A displacement length Ψv has been introduced in the model to account for
the fact that the contact area of each layer (L UC)v is continuously decreasing from the sleeve
towards the core. If this parameter is plotted versus the corresponding layer in a Ψv(v)
diagram, different progressions for the four specimens can be observed as shown in Fig. 7.11.
Note, that Ψv has only been calculated for the layers which failed in pure tension, i.e. failed
before ΩNFL had been reached.
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Fig. 7.11. Displacement length versus layer diagram Ψv(v) for specimen A, B, C, and D.
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From observation, the specimens may be divided into two groups: Whereas specimens A and
D stand out with a high gradient in the origin which corresponds to a relative high
displacement length in the outer 5 layers, specimens B and C show a short, steep outset which
quickly settles and flattens out and continues to run almost linearly to the end. Also specimens
A and D show only a pure tension failure of the filaments down to layer 80 in contrast to the
other two specimens where specimen B features a pure tensile failure down to layer 53 and
specimen C down to layer 72.
7.4 Discussion
The equations and procedures proposed in this study to simulate the pull-out process of a
strand embedded in a fine-grained concrete matrix involve a number of geometric and
material parameters which have to be known in order to apply the analytical model.
The geometric and material parameters of the components, such as the cross-sectional area of
the strand, the number of filaments a strand consists of and the tensile strength ft as well as the
Young’s modulus EF of the individual filaments can all be determined with an adequate
accuracy (see for example chapter 4.4.1).
Conversely there are the interfacial properties employed in the model which are not so easy to
determine: namely the bond stress versus slip relation τ(s) for the chosen material
combination, the abrasion factor kA, and lastly information on the interaction of neighboring
filaments which has a huge influence on the pull-out response of a strand / cementitious
matrix system. Results stated in [Li95] show that a pure summation of the individual
responses may lead to an under- or overestimation of the expected load versus displacement
response depending on whether the presence of neighboring filaments helps to prevent or
accelerate the expected failure. In some cases neighboring filaments may even behave like a
single filament with a larger diameter and corresponding contact circumference to the
surrounding layer. However, such effects are not really considered in the model because it is
assumed, that all filaments of a layer v do not interact. Nevertheless, the active filament
versus displacement relationship NF(Ω), which is used as a further main input parameter in
the analytical model and differs for each investigated specimen, accounts for some of these
effects. This experimentally derived relationship is further needed to deal with the problem
that the actual unknown parameter Ψv in Eq. (7.7), which refers to the embedment and hence
matrix penetration characteristics of the individual strand layers v, can so far not be deduced
in detail from the microstructural investigations carried out in chapter 6. A comparison
between the microstructural investigations and the assumed distributions of the penetration
depth, nonetheless, clearly outlines the similarities and confirms the assumption that the Ψv
distribution in the model reflects the original microstructure of the specimen. For this reason
the normalized, cumulated change in free length, which corresponds to the accumulated
change in area (see assumptions in the analytical model and Fig. 7.3), is plotted against the
location within the strand, i.e. in this case the layer number (similar to the analysis in
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chapter 6.4.3). Fig. 7.12 shows the results for the four investigated pull-out specimens
together with the results of the microstructural analysis already presented in Fig. 6.9.
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Fig. 7.12. Comparison of microstructural investigations with analytical results in regard to the
normalized, cumulated change in penetrated matrix area within the strand.
All four Ψv(v) relationships used in the analysis clearly lie within the bandwidth of the
evaluated accumulated change in matrix area functions from the microstructural
investigations and further follow the same determined logarithmic progression at the origin.
This fact may be seen as a first validation of the analytical model. However, for simplicity
reasons the free length Ψv is assumed to be equal for all inner layers 1 ≤ v ≤ k and amounts to
the free length derived for layer k+1. This is illustrated in Fig. 7.12 by the dashed lines.
Obviously this assumption is not in accordance with the findings of the microstructural
investigations and might be the reason for some of the discrepancies observed between the
experiment and simulation in the softening region of the load versus displacement relations
(e.g. Fig. 7.10).
In any case, a possible model adaptation is a subject for further research together with a
supplementary experimental test method to check the regularity of the assumed Ψv(v)
relationship, for example, acoustic emission analysis [Gro94]. However, as mentioned earlier,
a high technical effort and a subsequent elaborate analyzing procedure are both required to
gain this information and hence this technique was not applied in this study.
A further important input parameter, the “abrasion” factor kA, is only assumed as a first
estimation to be 0.3 with no actual experimental justification. However, as an identical kA is
used in the pull-out simulations of all four replications and these simulations are in good
conformance with the experimental outcomes, the employed “abrasion” factor must have
some physical meaning. Nevertheless, future investigation should clarify whether the tensile
strength of a filament is really reduced by that factor due to abrasion or inflicted defects on
the filament surface and what external influences cause these effects. It is also very likely, that
this factor does not remain constant during the whole pull-out process, but changes the more
the filaments are pulled out, i.e. the factor is greater for filaments nearer to the sleeve. In
addition, kA will also be material dependent.
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The parameter UC,j which refers to the contact area between the inner core and the
surrounding system has been ascertained based on the FILT test results (Fig. 5.8), but as
mentioned previously, this analysis does not take into account voids, broken filaments, matrix
penetrated into the strand, etc. and thus UC,j may only be seen as a rough estimation of the real
geometric parameter. Unfortunately microscopic analysis is also not feasible to determine this
parameter as the system changes during the pull-out process.
7.5 Summary
In this chapter an analytical model, which is capable of using the information of the pull-out
and FILT tests to simulate the response of a strand embedded in a fine-grained matrix under a
pull-out load, has been introduced. According to the classification suggested in [Kon03b] and
[Heg03b] the proposed model represents an idealization of the strand/matrix structure on the
micro level. However, as the active filaments versus displacement relationship from the FILT
test is one of the main input parameters of the model and this relationship is unique for each
specimen tested, the proposed simulation procedure is so far only applicable for recalculating
pull-out tests on strand / cementitious matrix systems but not to predict the pull-out response
for other geometric conditions. In order to ensure such a generally applicability, the findings
regarding the microstructure (chapter 6.4.3) have to be statistically evaluated as proposed e.g.
in Fig. 6.9 and implemented in the model. This also applies to the final contact area UC,j
between core and surrounding system.
Nevertheless, the four presented comparisons between the simulated P(Ω) responses and the
experimental results mainly show a good consistency and support the general practicability of
the proposed analytical model. However, an actual experimental validation of the model has
to include simulations of pull-out tests for different material combinations and varying
geometric dimensions of the specimens. This is the topic of chapter 8.
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CHAPTER 8
APPLICATION AND VERIFICATION OF THE STRAND PULL-OUT
MODEL
To experimentally validate the previously proposed analytical model, further pull-out tests on
strand / cement based matrix systems with different embedded lengths and material
combinations are described in this chapter. In contrast to chapter 5, LSM analysis and SEM
investigations are set aside as they provide no useful data for the validation. Only the main
aspects, i.e. the results of the tests carried out, together with the corresponding results of the
simulations are presented in the following because specimen preparation and testing
procedures have already been explained in detail earlier.
8.1 Materials composition and specimen preparation
The specimens are prepared with an embedded length of 15 mm (refer to series 16 within the
SFB 532). The material combination for these tests is again a 5-VET strand embedded in a
PZ-0899-01 matrix. To evaluate whether a different matrix composition has any influence on
the pull-out response, 5-VET / FA-1200-01 system is conducted (refer to series 13 within the
SFB 532) in turn with an embedded length of 30 mm. Both matrix compositions are listed in
Table 4.3 and information on the 5-VET strand is given in chapter 4.2.1. The specimen
preparation for both series is performed according to chapter 5.2. All specimens are cured
again for one day in the mold and stored afterwards for 27 days in a 20 °C / 95 % RH climate
until testing.
8.2 Experimental methods
The experimental methods to accomplish the strand pull-out tests in combination with FILT
investigations are as described in chapter (5.3.1) and chapter (5.3.2) respectively.
Table 8.1. Experiment sequences of pull-out tests used for the validation.
PZ-0899-01 FA-1200-01
Strand type: Embedded length [mm] Embedded length [mm]
15 30 15 30
5-VET series 16 (3) series 12 (4)1 - series 13 (4)
1 described in chapter 5
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In Table 8.1 the experiment sequences are listed. All series are made up of the number of tests
given by the values in brackets.
8.3 Test results and simulation outputs
In the following the results of the pull-out tests and FILT tests of series 13 (varying material
composition) and series 16 (varying embedded length) are listed together with the
corresponding results of the analytical simulations.
8.3.1 Varying material composition
The experimentally determined load versus displacement relationships P(Ω) for a 5-VET
strand / FA-1200-01 matrix system are presented for specimens A, C and D in Fig. 8.1,
Fig. 8.2 and Fig. 8.3 respectively together with the corresponding active filaments versus
displacement relationships NF(Ω). Specimen B was damaged during specimen preparation.
In principle the established expected pull-out response is found in both tests. However, in
contrast to a 5-VET strand / PZ-0899-01 matrix system the overall load carrying capacity is
more than 40 % lower; see Fig. 5.14. A comparison between the progressions of the P(Ω) and
NF(Ω) relationships of all three composites outlines another principal difference. Whereas
NF(Ω) and P(Ω) of the 5-VET strand / PZ-0899-01 matrix system (see specimens A and D of
Fig. 5.14) show a likeness at least in the first stage of the pull-out test, the three relationships
in this case with the 5-VET strand / FA-1200-01 matrix system do not show such a likeness
right from the onset. This implies that the critical pull-out displacement ΩNFL is in all cases
close to that which occurs at the maximum pull-out load.
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Fig. 8.1. Active filament versus displacement relationship NF(Ω) as well as experimentally
determined and analytically simulated pull-out load versus displacement relationships
P(Ω) for specimen A of series 13.
In a similar procedure as described in chapter 7.3, the pull-out responses of specimens A, C
and D of series 13 are simulated. The input parameter BSR τ(s) which defines the shear bond
between the 5-VET filaments and FA-1200-01 matrix, is derived in chapter 4.5 and stated in
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Fig. 4.20. Using the direct boundary value problem which is, amongst other parameters, based
on this BSR, the critical embedded length Lcrit is determined as about 3.0 mm for the single
filament / matrix composite. Once again Lcrit defines the critical embedded length permitted
for pull-out without a tensile failure occurring.
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Fig. 8.2. Active filament versus displacement relationship NF(Ω) as well as experimentally
determined and analytically simulated pull-out load versus displacement relationships
P(Ω) for specimen C of series 13.
At the end of the pull-out test on the strand / matrix system of specimen A of series 13 at a
final displacement of 1.75 mm, about 471 filaments are left intact (Fig. 8.1) featuring a
contact perimeter UC of about 8.1 mm. In the case of specimen C there are 664 intact
filaments at a maximum displacement of 1.86 mm and the corresponding contact perimeter is
8.0 mm. For specimen D these values amount to 419 intact filaments at a maximum
displacement of 1.65 mm with a contact perimeter UC of 6.5 mm.
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Fig. 8.3. Active filament versus displacement relationship NF(Ω) as well as experimentally
determined and analytically simulated pull-out load versus displacement relationships
P(Ω) for specimen D of series 13.
8 Application and verification of the strand pull-out model122
For this material combination under discussion, the “abrasion” factor kA is adapted (best fit)
as 0.25, i.e. the tensile strength of the core filaments is reduced by 75 % in the case of a pull-
out. Thus the reduced tensile strength of the filaments kA ft is assumed 17 % lower than the
one implied for the simulations of the 5-VET strand / PZ-0899-01 matrix system. All
previously listed main input parameters for the presented 5-VET / FA-1200-01 concrete
systems, are listed in Table 8.2.
Table 8.2. Main input parameters in the analytical model for specimen A and D of series 13.
Parameter Specimen A Specimen C Specimen D Reference
Tensile strength of filament ft [N/mm²] 1200 1200 1200 Table 4.5
Young’s modulus of filament EF
[N/mm²]
53,336 53,336 53,336 Table 4.5
BSR τ(s) [-] Fig. 4.20 Fig. 4.20 Fig. 4.20 Fig. 4.20
Critical embedded length Lcrit [mm] 3.0 3.0 3.0 chapter 2.4
“Abrasion” factor kA [-] 0.25 0.25 0.25 Best fit
Number of filaments in the strand [-] 1400 1400 1400 chapter 5.2.1
Number of layers [-] 100 100 100 Chosen
Critical pull-out displacement ΩNFL [mm] 0.26 0.20 0.20 Fig. 8.1 to
Fig. 8.3
Intact filaments NF at Ωmax [-] 471 664 419 Fig. 8.1 to
Fig. 8.3
Contact perimeter UC at Ωmax [mm] 8.1 8.0 6.5
The idealized system applied for the simulation consists of v = 100 layers. Fig. 8.1 shows the
comparison between the experimentally determined and analytically simulated pull-out
response of specimen A of series 13. Overall a good consistency between the test results and
the analytical outcome exists although at same locations the discrepancy between the two
amounts to approximately 16 %.
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Fig. 8.4. Displacement length versus layer curves Ψv(v) for specimens A to D of series 12 and A,
C and D of series 13.
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A comparison between the experimental and the simulation results of specimen C of series 13
also shows an acceptable resemblance, although the simulation results over estimates those of
the experiment by approximately 25 % in some places; in case of specimen D by 14 %.
Comparison of the displacement length versus layer relationship Ψv(v) for the presented
simulations of the three specimens with the progressions determined for series 12 (Fig. 7.11)
reveals that the fine-grained concrete of type FA-1200-01 (i.e. series 13) does not penetrate
into the strand in the same manner and quality as the PZ-0899-01 (i.e. series 12) matrix
(Fig. 8.4). In the cases of specimens 13A and 13D only the filaments up to layer 91 and layer
97 respectively experience a pure tensional failure whereas all other filaments are pulled out
to a certain degree before they fail in tension.
8.3.2 Varying embedded length
In a further validation procedure load versus displacement relationships of pull-out tests
carried out with a reduced embedded length L of 15 mm but again on a 5-VET / PZ-0899-01
system are compared to results from the analytical simulation. In a manner similar to
chapter 8.3.1 the results of specimens A to C of series 16 are presented in the following pages.
As expected the reduced embedded length of the strand results in a lower load carrying
capacity of the composite. The maximum pull-out load with approximately 200 N in case of
specimen A and 160 N in case of specimen B is more than 60 % beyond the maximum load
reached in test series 12 which features an embedded length of 30 mm. Specimen C even
ranks with a maximum pull-out load of 100 N further below. There is a similarity to the
results presented in that the evaluated NF(Ω) and P(Ω) relationships for all three tested
specimens do not show a resemblance to each other at any stage of the pull-out test unlike
those of Fig. 5.14. This implies again, that the critical pull-out displacement ΩNFL is in all
three cases close to that which occurs at the maximum pull-out load.
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Fig. 8.5. Active filament versus displacement relationship NF(Ω) as well as experimentally
determined and analytically simulated pull-out load versus displacement relationships
P(Ω) for specimen A of series 16.
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Fig. 8.5 shows that for specimen A (series 16) there are 800 filaments left active and intact at
the final displacement of 1.3 mm which feature a contact perimeter UC of about 7.0 mm.
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Fig. 8.6. Active filament versus displacement relationship NF(Ω) as well as experimentally
determined and analytically simulated pull-out load versus displacement relationships
P(Ω) for specimen B of series 16.
In the case of specimens B and C (series 16) there are 811 and 952 active filaments left
,respectively, at a maximum final displacement of 1.5 mm and 1.3 mm respectively, (Fig. 8.6)
and a corresponding contact perimeter UC of 6.3 mm and 6.8 mm respectively. An “abrasion”
factor kA of 0.3 is adapted again since the same material combination as that in chapter 7.3 is
chosen again. This supports the hypothesis, that kA might be a material parameter.
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Fig. 8.7. Active filament versus displacement relationship NF(Ω) as well as experimentally
determined and analytically simulated pull-out load versus displacement relationships
P(Ω) for specimen C of series 16.
In a similar fashion to the previous chapters the main input parameters for the three tests of
series 16 (i.e. specimens A, B and C) are listed in Table 8.3.
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Table 8.3. Main input parameters in the analytical model for specimen A and B of series 16.
Parameter Specimen A Specimen B Specimen C Reference
Tensile strength of filament ft [N/mm²] 1200 1200 1200 Table 4.5
Young’s modulus of filament EF
[N/mm²]
53,336 53,336 53,336 Table 4.5
BSR τ(s) [-] Fig. 4.19 Fig. 4.19 Fig. 4.19 Fig. 4.19
Critical embedded length Lcrit [mm] 2.9 2.9 2.9 Fig. 7.4
“Abrasion” factor kA [-] 0.30 0.30 0.30 chapter 7.2
Number of filaments in the strand [-] 1400 1400 1400 chapter 5.2.1
Number of layers [-] 100 100 100 Chosen
Critical pull-out displacement ΩNFL [mm] 0.28 0.33 0.25 Fig. 8.5 to
Fig. 8.7
Intact filaments NF at Ωmax [-] 800 811 952 Fig. 8.5 to
Fig. 8.7
Contact perimeter UC at Ωmax [mm] 7.0 6.3 6.8
Once again a v = 100 layer system is assumed for the idealization. A comparison between the
experimentally determined and analytically simulated pull-out responses of specimens A, B
and specimen C of series 16 are presented in Fig. 8.5 to Fig. 8.7. The simulations of
specimens B and C of series 16 overestimate the experimentally determined P(Ω) relationship
by approximately 18 % and 38 % respectively, although the simulated progression is overall
in good agreement with the experimental results. The simulation of specimen A of series 16
fits the experimental outcome quite well, compare Fig. 8.5. The maximum pull-out force as
well as the overall progression are in good agreement.
As the outer filament layers are already found to experience a pull-out prior to their failure in
tension, no displacement length versus layer diagram Ψv(v) for specimens A, B and C of
series 16 is presented.
8.4 Discussion
In general, the presented comparison of simulated and experimentally determined pull-out
responses confirms that the proposed model is both appropriate for evaluating the pull-out
response and reflects the complex failure mechanisms of a strand / fine-grained concrete
composite (Fig. 7.7 to Fig. 7.10). Nevertheless, certain discrepancies found between the
simulations and the experimental results mainly in the softening branches of the pull-out
progressions indicate that the response of the filaments, which are assumed to be pulled out
and fail afterwards due to abrasion effects, may still be over simplified in the analytical
model. Furthermore, no statistical information regarding, for example, the tensile strength,
Young’s moduli, bond versus slip relationships τ(s) has yet been included in the model.
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8.5 Summary
An analytical model is proposed and verified in the previous chapters which allows the
simulation of the pull-out response experienced by a strand embedded in fine-grained
concrete. However, so far only a reverse projection of the tests is possible, as the proposed
model is not really capable of predicting a P(Ω) relationship for a given strand / fine-grained
matrix system. This is due to the fact that the investigations carried out with regard to the
determination of the microstructure of the system have not included a mathematical and
stochastic description of the penetration process of matrix into the interior of the strand.
Should it be possible in the future to find a method to mathematically describe this stochastic
effect, a parallel testing with the FILT test may no longer be necessary on the one hand, and
on the other hand a further implementation of stochastic effects may allow a real prediction of
the pull-out response of a strand embedded in a fine-grained concrete without actually having
to carry out the pull-out test beforehand. Nevertheless, the analytical model presented should
allow a more detailed understanding of the load carrying, failure and break down mechanisms
occurring during the actual pull-out process. Perhaps in the future this model may contribute
to developing an optimized strand matrix bond model and further allow the investigation of
the time dependent damaging processes occurring.
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CHAPTER 9
SUMMARY AND CONCLUSION
This thesis considers two major aspects of the micromechanics of textile reinforced concrete.
Firstly, experimental tests and analytical as well as numerical tools which are needed to
determine and evaluate the principal bonding characteristics and behavior between AR-glass
and a cementitious matrix are elaborated. Proof is given that the fracture mechanical model
(energy approach) and the cohesive interface model (stress approach) known from previous
studies, which are commonly considered to be alternative or are even excluded for certain
reasons, are equivalent. As the so-called cohesive interface model allows an easier
mathematical representation of the pull-out problem, it is found to be adequate - after an
extensive experimental verification by means of steel fiber pull-out tests - to simulate the load
versus displacement response P(ω) of a single fiber pulled out of the surrounding matrix and
derive information on the underlying bonding characteristics and interfacial properties.
Information on interfacial properties of filament / cement based matrix systems is gained in
the form of a bond stress versus slip relationship τ(s) by means of a single filament pull-out
test and a subsequently applied analytical evaluation procedure based on the cohesive
interface model. This procedure allows, for the first time ever, the straightforward calculation
of an N-piecewise linear bond law τ(s) without the use of any optimization routines or fitting
procedures.
Secondly, this study concentrates on the evaluation and simulation of the pull-out response of
strands embedded in fine-grained concrete matrices, and in particular on the development of
experimental techniques, which allow detailed information to be acquired on how such a
complex system reacts under a pull-out load. Furthermore, test methods and numerical
evaluation procedures are proposed, e.g. the FILT–test and the Laser-Scanning-Microscopy,
which allow a quantification and localization of the number of filaments failing due to the
introduced pull-out displacement Ω. The results found in this study allow to sketch the
complex failure process of a pull-out test on a strand / cement based matrix system in
considerable more detail for the first time. Additionally they state that the pull-out behavior is
controlled by a strong bonding of the external filaments in the strand and a slip of the inner
filaments, again influenced by the random and therefore unpredictable penetration of matrix
into the core. This uncontrolled penetration leads to a different formation of the inner and
outer bond characteristics, and hence the failure mechanism after exceeding the maximum
pull-out load is described as a so-called “telescopic failure”, i.e. a successive break down
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layer by layer from the sleeve to the core filaments. After the tensile failure of the outer
filament layers, some of the outer core filaments fail in tension after they experienced a
certain degree of pull-out; i.e. during the actual pull-out process they failed at some stage,
presumably due to the exceedance of the tensile strength which was reduced by abrasion and
introduced notches in the filament surface. Finally a core of inner filaments is pulled out of
the strand. As a result the real, higher tensile strength of the strand is not activated.
As it is found that the random penetration and such the microstructure of the strand / cement
based matrix system mainly influences the load carrying capacity of the composite, a
principal procedure to investigate the mircostructure of an AR-glass strand / matrix system is
outlined in this study and information is gained for the first time with regard to the locations
and amounts of penetrated matrix, voids, pores, or imperfections within the strand. It is shown
that the CT technique can provide a spatial illustration of the real structure if cross-sectional
images are determined with environmental electron scanning microscopy at 1 to 2 mm axial
intervals by planing sections from the specimen. Applying a subsequent image analysis the
planar distribution of cement paste penetrated into the interior of the strand at different
sections of the composite can be evaluated by means of density functions which such allow to
mathematically express the microstructure of the composite.
Based on the results found, an analytical model is finally introduced which is capable of
simulating the pull-out process of a strand embedded in a fine-grained concrete matrix. The
presented comparisons between the simulated P(Ω) responses and the experimental results
mainly show a good consistency and support the general practicability of the proposed
analytical model. Although some aspects of the complex bonding and failure mechanisms of a
fine-grained concrete reinforced with an AR-glass strand have obviously not been
investigated in detail, the experimental results and analytical as well as numerical solution
routines and models proposed in this thesis should allow a considerably more detailed insight
into the mechanical performance of this composite. By using the obtained results, a tailoring
of the system in order to achieve a defined, reproducible and optimized load carrying behavior
might be possible.
However, because the development of textile reinforced concrete is still in its early stages,
many more aspects such as those regarding the time and storage dependent strength properties
of the composite have to be investigated. Nevertheless, the determined load carrying and
failure mechanisms as well as the proposed analytical models of this study may contribute to
a better understanding of the pull-out test results and be a further important step towards the
understanding of the load bearing mechanisms concerning a strand embedded in a fine-
grained concrete.
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APPENDIX A
APPLICATION OF THE COHESIVE INTERFACE MODEL
To clarify the application of the cohesive interface model, a short introductory example is
given based on the bond stress versus slip relation and the experimental results presented in
the state-of-art “Bond of reinforcement in concrete” report ([FIB00], pp. 57/58). The system
consists of an ordinary steel reinforcement bar with a Young’s modulus of EF = 210 kN/mm²
and diameter of d = 16 mm and an ordinary concrete with a Young’s modulus of
EM = 35 kN/mm² and a load carrying area of AM = 10,000 mm² (estimated). Until today the
effective load carrying area of a matrix during a pull-out test has not been determined
explicitly. The embedded length L is taken to be 40 mm (2.5 times the bar diameter). An
example of a bond stress versus slip relation used in [FIB00] (pp. 57/58) is given in
Table 11.1 using a γ according to Eq. (2.16) of γ = 2.40.10-8 kN-1.
Starting at a given displacement ω = 0, the beginning of the pull-out test, we know that the
corresponding pull-out load equals ϕ = P = 0.
For the next load step n = 1 the applied displacement at the loaded fiber end is ω = 0.25 mm,
which corresponds to the slip at the point i = 1 of the BSR stated in Table 11.1.
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As for n = 1 x∆  is known to be L, k = 1, and hence the summation term in Eq. (2.30) can be
neglected, ϕ = q1 can be calculated straight forwardly to be 3.42.10-4 by using Eq. (2.36), see
above. Note that m1 is known to be greater than zero (Table 11.1). Thus P is identified as
14.28 kN at a pull-out displacement of ω = 0.25 mm.
To determine ϕ for n > 1 Eq. (2.29) and Eq. (2.30) respectively are used. Because all of the
gradients mi for i = 1 to 2 are positive for the given example (compare Table 11.1) Eq. (2.30)
can be written as follows for the next load step n = 2.
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In an iterative procedure ϕ can be determined. In the given example ϕ = qn=2 is chosen to be
4.57.10-4 yielding according to Eq. (2.29) a new q12 = -4.85.10-6 which is less than zero. This
states, that the slip at the free fiber end is no longer in the range of 0 ≤ υ ≤ s1 but the fiber has
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already slipped through to an extent greater than s1 and therefore the interval in which q turns
zero is identified to be k = 2. Hence, Eq. (11.1) yields
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As all initial conditions are retained, a ϕ of 4.57.10-4 is determined for this load step,
corresponding to a pull-out force P of 19.04 kN.
Writing a numerical procedure and following the above listed flow of the algorithm, the
resulting load versus displacement diagram for the given example can easily be determined
(Fig. 11.1). Comparing the analytical results, which are based on the bond law as proposed by
[FIB00] with the experimental outcomes a discrepancy is found (Fig. 11.1).
Using a modified multi-linear BSR (Table 11.2) determined with the help of the inverse
boundary value problem (chapter 2.4), the discrepancy between the experimental test results
and the numerically calculated load versus displacement relationship does not exist any more
(Fig. 11.1). This indicates that by using the presented model which is based on a multi-linear
bond stress versus slip relation a considerably better description of the interaction of a fiber
matrix system under a pull-out load can be achieved.
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Fig. 11.1. A) Pull-out relations: (I) Experiment, (II) Simulation based on [FIB00] (pp. 57/58) and
(III) Simulation based on a multi-linear bond law (Table 11.2).
B) Bond stress versus slip relations: (I) According to [FIB00] and (II) determined in this
study (Table 11.2).
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Table 11.1. Bond stress versus slip relation according to [FIB00] (pp. 57/58).
i Slip
si/mm
shear stressτi/(N/mm²)
generalize shear flow
Ti/(1/mm);
gradient
mi/(1/mm²)
0 0.00 0.00 0.00
1 0.25 7.24 8.72E-06 3.49E-05
2 0.50 9.55 1.15E-05 1.11E-05
3 0.75 11.23 1.35E-05 8.10E-05
4 1.00 12.60 1.52E-05 6.60E-05
5 3.00 12.60 1.52E-05 0.00
6 4.00 5.04 6.07E-06 -6.07E-06
7 12.0 0.00 0.00 -3.68E-07
Table 11.2. Multi-linear bond stress versus slip relation.
i Slip
si/mm
shear stressτi/(N/mm²)
generalize shear flow
Ti/(1/mm);
gradient
mi/(1/mm²)
0 0 0.00 0
1 0.01 10.14 1.22E-05 0,00122162
2 0.16 11.43 1.38E-05 1,039E-05
3 0.20 12.29 1.48E-05 2,5925E-05
4 0.42 12.82 1.54E-05 2,8883E-06
5 0.75 12.97 1.56E-05 5,2611E-07
6 1.20 12.44 1.50E-05 -1,411E-06
7 1.72 11.43 1.38E-05 -2,3286E-06
8 2.29 10.52 1.27E-05 -1,9256E-06
9 2.91 9.42 1.14E-05 -2,1357E-06
10 3.65 8.32 1.00E-05 -1,791E-06
11 4.39 7.03 8.47E-06 -2,1052E-06
12 5.25 5.84 7.03E-06 -1,6728E-06
13 6.88 4.40 5.30E-06 -1,0592E-06
14 8.50 3.59 4.32E-06 -6,0688E-07
15 10.29 3.06 3.69E-06 -3,5472E-07
16 12.18 2.39 2.88E-06 -4,2518E-07
17 14.42 1.82 2.18E-06 -3,1041E-07
18 15.98 1.19 1.43E-06 -4,8031E-07
19 18.70 1.05 1.27E-06 -6,1704E-08
20 20.98 0.81 9.77E-07 -1,2882E-07
21 23.49 0.77 9.23E-07 -2,1495E-08
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